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SUMMA]< Y

f he por sc of this work is to pe r fo'r ,n p (rof-of-principle test of
1,11liqcom ,incopt f'or auxHiiry electric. pow.er .v•eratior n bse Co1n 1

thi't-,• npioeolectric gene.rator. The- demonstration devite c.i-

4 tis IC" a modified St~irlinut-cycle engine 'which delivers pneumatic
pros sa re pulsos to a coupler consisting of anm oscillating mercury
C(oltinin neair ambient teonperature. T te coupler replaces the fly-
Swhel and ,mecha nical couplin.t of a conventional engine-generator
aind d rives a hydraulic load which simulates a piezoelectric generator.

T.he work is divided into two phases. Phase I includes piezoelectric
-enerator tests and a system desi,,n based on computer simulation

anc reCjuis ite mechanical design analysis to develop complete system
layout drawings. Preliminary piezoelectric generator tests per-
formed by Physics International were inconclusive in certain areas.
Subsequent testing at DWDL using an electrohydraulic materials

loading system established the basic feasibility of the piezoelectric
generator concept. Measurements at 60 Hz included power densities
to l8 w/in. 3 efficiency of ;0' to 7:7 and contituous running time to

20 hours.

The final system design which includes substantial niargins in
.;(everal areas, is predicted to deliver 518 v',,tts (mechanical) to the
sirmulated load with an overall efficiency of -45. 1% hen coupled
Swith ;) piez oilect.ric oenoerator, 419 waitts (electrical) at 19% ' ovr,'-

all system efficiency is expected. Safely and operational problelms
w with the merc,.trv -oupler. while not i nhibitins a proof-of-principle.
idemon stration of lhe conept. indirate the need' for change in aynv pro-o-
type svstenl.

The o ri tinat ! y planned P•hase I1 efforts consis ed of detail design, fab-
rication, and ,est in, of the engine-coupler-sitiulated load system, but

later was redirected toward life testing of piez.,electric 'generators.
I'jezoelectric .umncrato r feasibility was demonstrated at ambient
temneratures from -;;° to 4 li1F". Operatinr' times of more than
2 }O(O hotirs at .00o0 ;:.-si, peak stress levels resni edin about ",perfor-
ma nce rdcgradation.

Preceding page blank



YOREWORD

IThis r'port w"as prepared by the Donald W. D)ouglas Laboratories
R ic 11'la Id, \a ssh iNtztol, a Subdivision of the McDonnell Diouglas
•:t-ron;i ut ic S Compa ny, unrder U.S. D)e p-a rtm)IVt of tho A r-my co.i-

ttracL ])AAK0Z-71-C-040 to perform a proof-of-principle denton-
stration of a' 300-w Stirlino engine piezoelectric (STEPZ) generator.
The work was monitorod by J. flarrison - ,el, Jr. , Pro ject
""Enoineer, U. S. Arrny Mobility Equipnment Research and Develop-
meont. Center, Fort elvoir, Virgina

This Final Technical Report covers the contract period from 50 June
1971 through 30 November 1971 "for Phase I and from ?6 .January 1973
through 26 July 1973 for Phase IL.: !Phase I consisted of developing
lavout drawings for the svyter and demonstrating practicability of the

piezoelectric generator. !Phxase II was originally planned to mc liide
detail design, fabrication, and testing of a system utilizing a hydraulic
load which simulates the piezoelectric generator, but later was re-di-*I- rected to provide 2000-hour piez.'electric generator Life tests under
varied environmental conditions..

"The prograii ,as managed by M. A. White under the direction of
1) r. W. R. Mtartini. Piezoelectric generator demonstrations at
.1'hysics international Company during Phase 1 were performei (I unIer
the direction of I". Smi'ley.
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Section I

IN 1lTOlUCrION

1. 1 1-1 RKAIM 0lV-3E(vr.*'PS

T'he 1om7_ri-rn,, obivcT't'v of tbis protv.am in s lo- deve'lo a~ 1 Ioniu.- if t.

hi fzlefiinv aa i 'in rePanw- fi red- *'nni nv-e-ne*tra to r as a
Si vi-it~. po)rtable. el ec'ri c powt* r son re-e. TVhe effort report c-oi herr.
enicolmpasses I avoin! cesiitn of a pr.)of-of- privieipl e svsitem .as well as,
perftormanc-e and lift- testin- of 1p~olc!n _,enerato rs. Cuir rondv~.
in both civ ilian and mi iita rv . aixil'ia rv power a ppi ic;m:inns. i~a sci nv
or diesel. vii itines toperalinu! rotatcinht, cieci ronmna-ie i c _,vn,.ra'ors art.
almtost ti iesa1 . ste or portah-le atixilna rv electric power. Thcest-
units are rteasvnableý in cost btit a rt- noisv. relati vel v tinnreliablc, and
recluire regtula r kz-)',vleIdea~ t - nial tennnc~e of the cmiigine. P art ictila ri
in the Armyi. there i, -a need for something, better at a rteascon-ilbl pricer
-Many applicat-ions in which rel iahilitv, low noise emission, andc cliira-
hb1i tv libele r r.augoed use conditions11 are important reqmitire con i ntions
eccefric powe'r i n quantities lartrs_,r than batteries cran supply over long
pc riod s.

The -ST EP/. concept has the potential for satisfying the-se recquire-
Ilicent.-, but it involvos certain innovative and ulnconlventional1
~pp r'a c lc's. The initial objective of this prograrn has acco rdingly
!)eon esttabijshedl as a pr6of-of.-principle 'reduction to practice of
the,' krvy C )Ipone .nt$. Incl.udedl aire ve rificatLion of: ( 1)pi.Oe.tc
-'at -nc; I or iea sibji.itv, (2) resonant operatLion of t ho c otple r tup 1~,-
ta in the recquired phase lag without mecha nical linkantes, aind
(3) adeqcuate heat. exchange capaibiliL ze- for a simple displacer-
roo~elienra to r enl'ýiiw With no extended heat t ranusf(er ,ta rfaces ft~ir use'
in the t i g te.

"Inhe O.'•1rhan,, Iteffort, an exper imen rtal. eva ,at ionof the pio,,t-ecit',.
%epte orap os wa\Vt cEndoties and a layout desfignl of a,(-I p na llas
prttir was c {ifpitt :.. in, s .stem ].onsists cof d , mmi-r it, ic". Stirling-
i1 ;lh a S j• mila ted pielita t Picý .xgia ra to r, a nd a ui c 'cia, rv -lil ir
o'd ra itl ic coupler to m.atch ynntain,' ,uit:ptit mit h auener raton , in t

busic feasibility of tho.- pizol rit.i nois r latonCp',L was nrlali. ihe
in Ith asv 1, bit the ques I ee of long-Ieth rai, rada tion led to a red i r ted

Phase 1p plffoi at io s i -ixcu reis suiabilt, I' lift- toi sting pies zontndira-
pene rzoors was (Ier iapted and appliced to 2atte-hotr tests n isp four slacks

Th d' I- va riones ntvi roh aI nI it I cnoti i ions. 'I h liftn -tst fixtre ire-nsis,

of a rigid loa, t irainvo whic e'ticloses n pnvientivkt rn t
asrvalhedC hre and ojct' e o' th's pog insthn aentartion. Soeniv

, • . .



of the discs are operated as a driver stack from a high voltage ac power

s\tpply. The resultant stress fluctuation produces ac power in the

10-disc generator stack; power density and efficiency are measured.

Long-term performance degradation was not severe.

.2 PHIASE: I PIEZOELECTRIC. GENERATOR "i7'STINC;

Piezoolect ,ric generators are novel, partly because practical materials

have only recently come into use. In addition, the generator requires
nulsating mechanical power at high force and low displacement which

is not a typical output characteristic for prime movers. A 9)7. S, effi-

cient piezoclectric generator driven by a similar piezoelectric motor
has recently been reported (Reference I).

This generator, however, operates at very high frequencies and low
stresses compared with the STEPZ ope rating regime. Acknowledged

experts in the piezoelectric materials field differ widely in their eval-
uation of practical operating, stress levels and, therefore, power density.

Because of the relative uncertainty of piezoelectric generator feasi-

bility compared with that of Stir.ling engines, the Phase-I effort
included comironent testing, of piezoelectric stacks. Testing of twNo

considerably diffe rent piezoelectric materials was originally per-
formned unclder subcontract to Physics Inte rnational, iresults reported
in Appendix A), but limitations of the stack stressing equipment

prevented extended operation as well azs efficiency and temperatureo-

rise me.,sureinents. These data have now been obtained at l)VD l)1

* and are presented, alonx -,ith supporting analysis, in Appendices Band C.

Piezoelectric generator operation is shown in Figure 1-1. The disks
aie Tnade fr')m a lead zirc,,na.te-titanate ceramic and metallized on

both flat surtaces for elec-tricp ,-ontac.t. Warm disks are polarized

(a naloooti: to, magnetiz ing a pern,a lent magnet! by apply ing. a high

Svoltage to align the dipoles.. These are stacked with alternating

- polarity ,electrically, in parallel) with one side connected to the load,

thil-,other to) g 1,round. (Comiipr!e5ssion of the stack produces chare.
de live red a.s load current in ont direc' iln, followed by a reversed
p~la r ity and u'lrre'nt Whe n com pressi5on is relaxed. Theory and
""XI)vrimet ot show that typically only a|bout half the applied strain

,ne. r gv p r,,,tice s a ,'hanre.. Tihl balance is storred elastically, and

i:1 a r.ail svstetoi, is ut ilized to) effect thhe compression stroke on

the eniine. A portion of the .,enerated power is dissipated in stack

l,,sse... This most be miiininized tor maintain an acceptable efficiency
a;In Iiainta in temperatlure rise in the -;tack within tolerable limits.

E-pt'rin,,nts c()nfirm the feasil)ility of these objectives.

t' r,.mi nai ry e.:pe .rim ntal results obtained at Physics International

are, ,•n ma rized ill F t.;gurC I-2 with i11a sure me nts no rnmalized to

specific (. w lltul powe ,r. E rIrlv stack stress fluctuations to 35'00 psi

:* .r l ,tla i ied 11sing a pi zo(.1 thl tr i c driver. E\-trapolatio.- of these

, a . izli.;,t,, as the o)riginal projection in Figur'e 1-2. The

It'sls C0arIlct(1C'4! as part of the Phase I effort us(-d a rotary valve

2



and high-pressure hydraulic pump to apply stress fluctuations. Two
'Aypes of piezoceramic materials were tested. PZT-5h is a piezo-

electrically soft material w-ih a high power density at a given stress

level, but with relatively low stress limitations a high internal
lo-e- eS.: As indicated in Figur e I-2, PI:ZT-5H exh1f-ited de-ra dation

with short-term tests near 5000 psi, compressive stress. The other
material tested was LTZ-1 (equivalent to PZT-4), a piezoelectri-

cally hard material with basically opposite properties to those of

P/ZT-5H. This stack also exhibited an apparent leveling off in

power density around 9000 psi, but this was attributed to high

pressure binding in the drive-piston seal.

Some of the pertinent data obtained at DWDL utilizing an electro-

hvcyraulic materials-loading system are presented in Figure 1-3.

These data were obtained using sinusoidal stressing at 60 Hz with a

rr-•nimum compression of 1000 psi, and 7000 to 13, 000 psi maximurn

compression.

Experimental power density follows the predicted curve closely to

8000-psi stress fluctuation, with decreased performance at higher

levels. Following these measurements, a 20-hour continuous run

at 12,000 psi stress fluctuation exhibited continuous and irreversible

degradation at a decreasing rate. A similar continuous run at 6000

*, psi stress fluctuation three weeks later showed only an initial,

reversible degradation while the hydraulic driver approached thermal

equilibrium. Inductance was then used in the load circuit to com-

pensate for capacitance inherent in the generator. Power density

PULSAT'NG FORCE 221 I

PIEZOCERAMIC
S' : GROUND .• _ DISCS

CONNECTIONS,
BRASS ELECTRODE
CONNECTORS

LOAD
RESISTANCE

Figure 1-1. *Piezoelectric, Generator General Arrangement

3
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•',1. 3' LAYOUT DESIGIN OF PROOF-OF-PB'INCIPLE SYSTEM

•!The proof -of -principle systemn is.designed to show that the basic
i •:• concept shown ,in Figure 1-4 is feasible; the systerm utilizes a simnu-
• ~lated piezoelectric generator. The Stirling engine pr'oduces pres-.S:;:isure pulses'from heat. After a phase shift by inertia in the coupler,i ! •the se pressure •pulse~s can be applied to a piezoelectric generator to
[ :..p~roduce elec~tricity; Gas in~the Stirling engine acts as a spring and
! :, :a, negative damper, one. that produces instead o~f consuming power.

The coupler acts as a mass, and the piezolectric generator acts
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as another spring combined with a conventiot~al damper. Figure 1-4
Shows how forces from the engine and generator act on the coupler
which serves as an inertial energy storage device analogous to the
flywheel in a conventional engine.. Figure 1-5 shows the principal
features of the Droof-of-principle systemn to demor-strate the basic
cazac-eept. . -

SThe Stirling engine is similar to other silent, long-lived power
sources developedd,and tested at DWDL.. The engine consist, of a
Slightweight di splace'- which oscillates inside the engine cylinder
with a five-mil radial clearance between cylinder wall and displacer."This separation is maintained by a flexure at the hot end and a bear-

ing (part of the displacer drive) at the cold end. This bearing -nay
ultimately be replaced by a flexure. The gap acts as~a gas heater,
regenerator, and gas cooler. The use of this gap, instead of many
small tubes manifolded into regeneratorassemblies as in conventional

Stirlingengines, grcatly simplifies the engine and significantly reduces
cost for small Stirlihg engines. Oscillation of the displacer heats
•nd 'cools the confined helium and creates the pressure pulses. An

electric motor for startup and fine frequency control moves the dis-
placer through a crank mechanism. These components will probably
be replaced by an electromagnetic drive when prototype development
is achieved.1 Once operating speed is reached, the gas pressure

* difference applied to the displacer drive piston varies over a cycle
in such a way as to apply power to the displacer drive. If friction
is not too great, the engine will run itself. The crank mechanism

.ý' 71-1262
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is useful to control motion of the displacer to fulH stroke without
(a mne r of hitting the ends. A s imilar smaller engine operated at
20 Hz and , watts with a. crank and flywheel or over 5000 hours atV . )WDI.

r Ihe co.upler consid e red for the present study is. me rcurv -filled
* .---.. e-with diffusersat each end. A c rrmtaated Criaphragni separates

Sthe i wrcurv from the engine gas at one end and from the hydraulic
SfluidI in the gene ratorI simulator at the other. The necked-down

.tconligo ral ion produces the effect of a much larger mass than is
1- ac'tnally present p similar to a flywheel attached to a speed-increase-

a i -t elar. . there fore the name "fhuid flywheel. For the reference
desin. the couhp.:r is 96% efficient. One. inconvenience in this test
is thIe reaction f.orces of the coupler which require rigid anchoring

[ for he fest. :in a practical system, imbalanced forces are elinin-
a ted by two opp(tsilng couplers or inertial ineribers. A liquid
c061pler van also be coiled to'reduce systen dimensions. Another
*.nWA t)r cha nge anticipated for a practical generator is-in the dis-
placer drive system. The present crank and flywheel mechanism and

Ssi icii n seal will be ,replaced by a linear electromagnetic drive
meltchanism with full flexu ral support. A dynamic coil motor has
hen C. 11 nceptualav designed with 27% efficiency (Appendix E) at the
:oh.-watt level for a 50; w(eI STEPZ ,,enerator. This approach has
I1 ) re lba s i' s iip-i,:ity, which is a furndanent.al objective of the

),STEP/. effor t'. th-an does the proof-of-principle design.

The ,eneratir simulator is. a liquid pump.: Pump. compliance and
) re su ( res! in the accunmulator and reservoir are chosen to simulate
Sacti,,: of the pie/oelectric generator. Power output of the simulator

n he che,'k( cd by measuring the steady flow and pressure drop at
I lit throttle Valve.

F ig ure 1 -b shows the proof-of-principle device based on current
desi ins. The coupler is mounted vertically on a firmly anchored
I-beam. The engine operates.. horizontallv and is attached to the top

* of the b|eamu. Thh& simau.lated piezte electric ,generator is ,n the side.
The test hVsterm is about 39 in. high. 24 in. wide, and 24 in. deep.

I. 4 D ESI(GN GOAL CONCEPT

The pruo f-of-principle device is not intended to be a p rototypp tof a
practical silent power source. Once the proof-of-principle is

F. demonstrated, a nfutmber of chanrges and additions uitlst be nade to
develop a practical. prototype. These a re e xpected to be:

i 1. A piez mlectric gene rator instead of the sinulation.

2. A ctmiterb-Ialanced co(upler to eliinliiate reacti ,n fto rcs.

•. A simiplified displacer drive -echanisnll.

8
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4. Automatic control to give desired output voltag.e over

the full power range.

5.. Burner heat source.

6. Radiator heat exchanger.

1.5 PIEZOELECTRIC GENERATOR LIFE TESTS

Life tests were conducted to establish the effect of extended operation
(2000-hour goal) on several piezoelectric stacks with different surface
finishes at various environmental temperatures. Four life test
assemblies were fabricated similar to an IRAD prototype system which
was designed and built in the interimbetween Phase I and Phase II.
Each test fixture consists of a stack of eighty 0.5-in, diameter by
0.040-in. thick piezoele:ctric discs, restrained within a rigid load
frame, together with force and displacement measuring instrumenta-
tion. Electric excitation at 60 Hz is applied to 70 discs of each stack,
which generates the driving force to excite the 10-disc generator stack.
Specified test conditions for the four stacks are summarized in
Table 1 -1.

* In addition, the IRAD prototype test fixturr was reassembled in a new

configuration and life tested concurrently with the contract stacks at

room'temperature.. The IRAD stack is unique in that it utilizes a
60-disc driver stack and the generator stack is only 0.25 in. diameter.
This enables the generator to experience the full desired stress swing

Table I - 1 7

SPECIFIED LIFE TEST CONDITIONS

Maximum Minimum Vendor Specified
Ambient Temp Stress Stress Disc Surface

Stack No. (° F) (psi) (ps*4) Finish:*

1 <20, 9000 As low as +0.0005 in. flatness
possible (standard double lap)

2<20: 9000 0. 00005 in. flatness
(optical lap)

3 Approx 70 9000 -1-0. 0005 in.

4 Appr.'x 150 9000 ±0.0005 in.

::*After 1000 hcurs 1f life testing at cold point of standard freezer,
ambient test ten- ,erature will be reduced to -525°F for 100 hours
of operation. A, ,,r this 100 hours, life test will continue at <20 F

* "ambient.

":~:CAs specifi''l in Gult6n. Industries, Inc. Quotation No. 1382, 12/15/71.
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of 1000 to 9000psi, in contrast to the contract stacks where the
generator stress swing is typically around 5000 to 9000 psi as a result
of excessive stack compliance.
All stacks have survived the life test with total times of 2300 to 3300

.haurs-anrl are cantiinuin. to accumulate ho-urs, %441 the exception Of
stack number 3ýwhich suffered irreparable damage -s a result of

V accidental overstressing during a preload operation. Several isolateddiscs in driver sections suffered electrical breakdown during *he life
Stes~t, hut in each ca se, the appropriate 10-disc segment waý removed

from the ci~rcuit and operation continued. No- breakdown or. severeel de-gr ada tion occurred wvith any generator, stack.

Sa IQuality v control with commercially supplied piezoelectric discs is aTactical problem.. Standard lapped discs were microscopically

_r~easonably smooth, but polarizatio- after l'apping caused warping with
0. 002- !o 0.004-.in. deviation from flatness. The optically lapped
discs were much better, but only about as smooth as the vendor
specified finish for",standard dis.cs, and parallelism of the flat surfaces,%was poo r. The warped discs flatten with a relatively0small preload,

but compliance of the standard. discs was substantially higher than for
thle optically lapped diScs. Those stacks received from the supplier in
"a permanentlv honded -,ate exhibited even higher comp.iance and were

* notused tfor lifetsrintZ. High compliance is a severe problem for the
* driver stacks as used for life testing, 'but may actu lly be beneficial,in a pure -ene~rator application. To maintain operating voltages at

tminageab! [ lve s, many relatively thin discs are used. The resultant
large n,.umber of interfaces is the principal source of high compliance,
% with the res'llt that ouch of the strain enerrgv produced is not applied
to the g•enerator stack.

Ont. r.t.slt1 of ntariv all stack testing. or even preloading to a sub-
stfantial axial load, is-that rm anv of the discs crack into two or morepiece-,. Based on M'S.tests using. disc-s before and after cracking

occu r rod, no apparent performance degra dation results from this
disturbing phenomienon. Some of the life test stacks were found to have
cracked discs. atter assembly.

"['hr uo 1 7 Septenkber 1',73, the IIZA) stack had accumtuated 3338 hours

of excitation for a t.oal of 0.721 x 10' cycles. Of the 3118 hours
accumIu lated after the final load was established, the reduction in ror-
mali zeid output po\wer was less than 5", discounting occasional statis-

clor't•"hetr variations. The normalization applied to the powelr
OUtpUt, base~d on thenretical expectations, was to divide the power

de nitVy by the square of the applied stress swin,. Fffic iency data
s h showd c:onsiderable scatter, especially about 900 to 1200 hours after
life t,,sts began, but the efficiency itrend was basically constant.
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In general, long-term operation of piezoelectric generators was/ demonstrated to be feasible, althoug\ tmany practical problems inintegrat-ng the generator into a practical power system remain to be" i resol: •. Present costs of piezoelectric discs and assembly techniques"mair Iv p'rohibitive for mo-,;t applications- -Cot.ing reliably with the" (h- p - force low-displacement characteristic of piezoelectric generatorsp,'-sents significant probles as well. If successful application ofStirling engine piezoelectric generators is made, it may initially be atvery small power levels where the piezoelectric generator is unique inmaintaining a high efficiency..

.11
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Section. 2

INVESTIG'ATION AND DISCUSSPN

This section discusses the analytical methods applied to all the
components of the system, how these methods were used to arrive at
a reference: design for the proof-of-principle test device, a piezo-
electric generator design to meet the same requirements, and
mdchanical design considerations incorporated into the proof-of-
princ iple test.device.

2. 1 ANALYTICAL METHODS

Concurrent with this work, a computer simulation has been developed
for a Stirling engine, coupler, and simulated load system in an
independent research and development program. Based on

Sexperience with this simulation, a reference design was chosen and
- the mechanical design layouts were completed.

2 2. 1. 1 Engine Analysis

Figure 2-1 shows a simplified schematic of the engine. The'.cylinder
wall consists of discrete heater, cooler, and regenerator sections.
Inner surfaces of the'heater and cooler are heldfixed at the heat
source and sink temperatures, respectively. The regenerator section
has an approxirmrately linear temperature profile between the- heater..
and cooler temperatures. As the displacer reciprocates in the -
cylinder, engine gas is shuttled between thehot and cold ends through .-

"""the thin annular clearance. r7he power piston follows displacer :"._
motion with a phase lag near 90. The expansion stroke occurs
while the disp]acer moves from mid-stroke to bottomn dead center and.
back to mid-s:troke:(while most of the engine gas is in the hot region).
Conversely, power piston compression occurs while the. displacer
moves between mid-stroke and top dead center (gas mostly in the':cold-

region'?. .. Because hot expansion work output is greater than cold
compression work requirement, net power is deliverea bydthe engine.

Various approaches to analyzing moclif:ed'Stirliang-cycle engines 'have
been developed at DWDL over the past five years. The most exten-
sively used is the isothermal analysis, in which gas volumes in the
engine are assumed to have a steady teirperature throughout one cycle.
This is an integrated approach in which' all computations are time
averaged over one cycle. All loss mechanisms are assumed to act
independently so that the principle of superposition canbe, applied..

13
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AndIlys is can bI, reduced to ihe, solution of a set of algeoraic equations.
.Thi's approach has W advantage of short computation times a nd is
-\veil sulited to paramtric suxve and trnization analyses. It ha s
boo be usel -th.da success in accurately analyzing engines fur the
National lMea rt and 1.,ung Institute.

T Thether basic type .of progra i s called norAsothe" na` "bcause gas
volilues in the engine have a changing temperature throughout one
-.cycle,' 1he> cile uter progran ut ilizes a time-step solution which
.ilhmdels the system with simultaneou0s interactions and inherently
inclu(Les nonisothernial heatint. and cooling' effects caused by pressure
chanes.. The accuracy of the results is li.mited only by the accuracy
of the ainalytical mvodel and the tilhe .t'.p size, which can be arbitrarily
small in p rinciple. Computer running times are typically two or three
orders of nianitude longe r for the latte r program be. ceuse a full set
of calcullations must be made tor each time step in a cycle and the
so•ltion miust continne I:hrough several'cvchles to elhinmate transients.

(:oniputer prog.ranis representing bath types of analytical miodels
have bleen 1ttS(] in the design of ihe STEP1. proof-of -principle systemi.
"T'hO isotherivial programv r'elui res about seven seconds per case and
is set tip Err running pa!ra metIric suirveVys with minimiun•i effort. It
has pro)ved to be. satisfactory for opdtirlrizing all pa-ramete rs except
comnp)ressioin ratio. If theo latter is restricted to valuehs.. known by

rXl~-ince w-ith the noriis othermial simtinlation to be reasonable, the
isot herni•ral progrir' can be used with ,' onfidence to design new
engine cotfii.lrat ions, and in practice, is the only feasible "ivans
for so( doing!. The nionisotheri'ial siniulation iticlmdes dvrnanaics of
thee ientirev sOi'm a i(d provides the best a, ilAMAe accuuracv for
prfdictini, op• rI'a,,n ofl i,•i'l! syste, - , .-n.n CoivipalrisolTs are
Illi(o inl Sect ion ..!. 2. I twe.e l thilt' is()ile rinllal. and inonlisothertvial
p0 1) V~lfl i ,t ' preldict ions.

Ih•' iso)t li rlt-ll;ltI igr H wVas d.,.',lpedi to ,1) ' rational stattus and
S, used w•.t w• XfIsiw, pai'a lretric~survmvs 1o establish the STEP/.
0 jn . ,-,t .nwiiieti'\, p ii)r 1()" t ilifinlil ()3 of this p) tog r-a I1. The sinnli-
Ulttion' was then m, t ilizte! dutring Pha st I to, yerifv th- ea rlie r
t l lcn 0" t ild Itt *e tint Ih fis t i)nd It-I rn p la lic0to Vs a;rid po''rfo i-

n la lice spec it.ica;h ions 'htv llnece s'sa rv.

2.1. I. 1 isoleri,.al Ai;ulvsis

Iil this aialysis, ,wtas tempo ra ' lir s io a givel i'rr,-itln are.k. asssuimiecd
itcot t( vaiir' in llI etm 'l;p" ratmi tw vt l (mile cycle. Averag;ie hot i nnd cold
'_a;s it,.illp t.1i fit re.S ,r, df t rct. illnd bt an Ill t'rativo pro)cess fased

(,P1 Ii niitel h,. at I nSI,'. I)%i'. out" piluti is coti iputtde from t he
St hilbidt 'wil'i;tit.wl I 16-fe'rq'n,," 2) which is ai" ;mnalvlical solutiont f the

prt' .stilr,--vol tlllil•, It' i, ral , w'r lwiin cv', r . Siniusoidltl it lioo utlo o lthe
r*1-_'f'itl'r;l lti a pliid , i f . i wil h a speIfci'h i f ixedd 1 i. fi\Sed aiug ' is
"",s:-.,lli"'(, ..'. is'h i •r v y r,,;lislic lt r i t•mV t v, nmional Stirliin.: e .ngines W\iTh

Best Available Copy



me cha nica l phasiIg. In the STEPZ system, both power piston and
di:splacer mMove almost sinusoidally but the phase angle between the
two i.s not fixed.

I46at transfer be:tween metal and gas in the annular clearance is
(d.4r-r•mined by assuming laminar gas flow. -The IWat transfer
coefticient depeIds on annular clearance and not on gas velocity.
The heat transfer calculational approach is given in some detail in
Appendtix D.

Imperfect heat transfer in the heat exchangers reduces the average
hot gas temperature and increases the average cold gas temperature.
The 1)asic engine heat requirement (second law heat) is computed
* .from output power by assuming the. enginei is an ideal heat engine
with Ca rnot efficiency computed on the basis of average hot and
cold gas teniperatures. Another set of heat requirements (or losses),
onlv one of which is significant in the STEPZ engine, applies when
the engine is running. Less-than-perfect heat transfer in the
regenerator region (main reheat loss.) contributes the primary loss
mechanism in the STEPZ engine. Main reheat loss results from
not regeneratively supplying all the heat necessary to increase the
,_,as temperature from the cold to hot values as gas flows through
the reo enexrator. Heat which is not supplied regeneratively mulst
be supplied by the heater.. Calculation of main reheat loss is (ctailed
in Appendix D. The rest of the thermal losses apply whether the

engine is running or not. These include insulation loss, cylinder
and displacer wall conduction, and gas conduction and radiation
through the displacer.

In high power engines, mass flow around the regenerator is a

critical parameter. In the isothermal analysis program, the maxi-

mLum and minirutmni mass of gas in the hot and cold gas space is
co:mputed frotm a 1o1rmlla which considers the sinuso idal sot ion
eQf. both the displace r and the power piston, fixed gas tenmperatiires,
fixed total mass of gas, and an instantaneously uniform tengine pres-
sure. Mass flow calculated.in this way is only approxi:atte and
leads to a significant error in main reheat. This does not have a
major iinpact on the optinii/.ation capabilities, which represent the

prinme usage of this program. Windage power is based on the fur-
the r' approximate assumption that gas flows past the displacer

.intusoidalN, but windage calculations are nevertheless .ery

a c u rate.

2. 1. 1. 2 NonisotherminalI Sitnula tion

"l'he nl), Mis ,th(.e r 1al ,lynani ic sili n tiia j o v0 'Cd)' mnles ulo'st of thel l sic

lirioatl,* isn illpOs,'I by thle isothet:n'a;l n11ol'lo. Two basic V rsions of,
ti- .iitil ation ;1r4. , vailable 1'()r Spc ialiiz,. alppllications. The si plt.
v r~i 1,n, like the isothetriiial prog ma ni, COJd.,Ilaatvs perftl lro lt lnce of the.

.I.in. i ionly. V'o wer piston and disp131ccr illotionl arme spt. cit ied a;s
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Ssitlso itda 1 with a fixeed phase lag. This solution stabili1eO most rapidly
be tecausO onlv t heor Inal rp o(e s ses a re affe'c ted by tra ii si nts. A more
'COImlplete silliuat ion irlitloles an O.Iun.timi of motion for the displace(r
a u:I rouple r and nl a..,eleratonr simurtlation. I.ecautis- the displac-er

:c!u l ion, 'Of IlytiOn tnCIe f ly'Whie I tone aeete rnally (Irive n- dis -
cplae r can be sin-iulalted by s4ecif\'ifN. a larme inowent of inertia for

the fl\'\ heel. IV hile the not isot lier. I-ni I .inuilation is a substa nitial
imlp rove llelnt over previous tet'•lhnILIuS, it . remains i nconplete in tV.,o
tgener l a rt'as.

111The ma ior thermnal innecurcacv involves specification of linear temper-
-atLlre pro files iln the cVi 1nde r and displacer sidewalls.f Calculations

v•, how~t at, on 1h 0vr,.. P durinR the cycle, sonle po~rtions o}f the

cvlinder and the displab, r '.vaills in the re,,enerator were losing more
heat tha1' they were receivinlg, ;1,1r.1 no provision was Ilade for supply-

in] this hea t froill tihl heat sourco. Other portions of the re.generator
w'ere" M'nOi' ng lore he ta lul a11, v were losingl and no provisiolt a\'.As
made for conducting thiks heat i.) the heat sink. l'ioure 2-2 shows
the averagwe -as tetpe atur, lor the 10 nodes of the displacer in
coyipaarison with the a's s u me (1 ten Ioermato re s of the engine for the
role orence des ,.on. In the hot space, heater, cooler, and cold space,
it is expected that the gaave,.- ,a', te ivipetatures will be different
tha-n the nmetal temperature ticause, of the net heat flow through the
eno ine. . Howvever, in the re'enerator, it is assumed that there is
no net heat flow between the gas and the walls. For the displacer
this appears to be true. In the case of the cylinder wall, for the
assu med tempepratures to be true, additional heat must be supplied
fr6ni the heater and be conducted ahlon the cvlinder waili to suipplyV
nodes 3 and 4. In- thie sa.m 1wav, additional coolin,- must be

S'arr'ano"d lfor nod!es 6 anid 7. Undoer such conditions, nil accurato
heat balance was not possible. Howewvor, the e4ffect on overall
perfornianco is'.v.ry minor. Ill actual. operation, eXperinioncem with
heart enuilnes shows that al S-ishaped wallitenliperature profile will
-e suIt with nin imaI effect o n .le v ino ther-inal I re (:li i-0 iiw•lts. The

basic- h,,;t-l rqlti rr' mle lit for tilhe eng•in(e is dlet ,- iii ern bIy fJpdv ill
the hot s p;tt'I pIus a 'alcula:tion of the linmin rehent loss. These (I o
not dtiepitd ()I Ihiv co, piputel heal tlansferI* tt'fro and lto the iiocies.
'[he, probl(ml could be renI-v h jed Iv by aiding nodes in the metal walls
ot the r.u'entmratol.tr e;ch it h 1-t Ii a ppr•)printo heat ca pacitv and
t hi-mran l a otldituuct;t mice to adinct.nlI n(des , but the sin ltilation .t hen would

-({.qloire -ti'p.I-r)rm ,lii g ' "fora g r co0t llputor an a 1d bIeC 0 o ' e s tlv to rliln.

I lie ,l hct' th r. m I i1 .ccl'c r .. (.r)a .lncemrls 1hek lin elrt V imlty of hea t trI"anIs fe r

Sratt O, the nrl walls il th'lle, hotl. anmid col(1 lr gib s. A t:onse ilvattivo-
;as.itiiltio)l is nlow In-ilw m ise-d ill • t11 hotl and cold spaces. It is assiiu'ed
} that bt, !,,il k umi ::i got- i ( -'rs, a nci he,;t trmans l' r i- 0 'c Ilrs throlugh sta gunitm
- V. . (rl w I i t-e "ila 't cl a U1i c ta, t 1-1,, his i ll:ctctr rac\ .be ssO so. (]0

A mti tilt" nt'l lion d ,, I utlltilti-'r sit~tlalitIl has beell hdevllop,(I which
a 1 I,,v.'.. it itit Ii 'h l ir ' ,.r t l1110 11t1' ;11a is S1.aIbl e fo r a , L-()Ilvi' lit iollal
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I
Ssimulation sch,.. This im)rovemoent [ias atllowv(-(t 1~in-ited use of
.,nnisother iial parametric surve.y techniques for this report.

Some i'o l'ot. sut)tle dil'lere Uces between the isothermal and nonisothermnal
Ws inultations requie discussion. In the isother mal simulation, second

law heat input is (leietiem.nd by apply inu theCa rn;equai ion to the timee-
,a verae ; ias temperature.-, This is only an approxination at best,
!wtcautise the nattlr of I (he temopepratutre v\ariations over one cycle have an

i ipactw (in heat traansfer. l.o'°.r ample , in theI SfEPZ reference design

caKs', s in, the noisothe al'r I simn ila tion, hot gas tempe rature at one

point reaches OW(0 aWove thA- heat sou rce temperature. This restilts

in sonme heat flow fronm the gas to the heater which must be made up
during, ot hevr parts of the cyclel. The net result is that most heat is

transferred to the gtas when it is at below-average. terniperatures.

fit'he ft'ecli ye Ip( rp'turo r determining secon I law heat input fromt

t the Ca t'rnot re lat i0nship is, the re-for'e,. b llow t he tilie•w-ave raged gas

tehpei'rature , and, Ifor this reason, the isothelirinal prog ram gives a

low valtie ftor sI'Colnd law he" Iinput. I owever, the nonisotheral

S imul atiion can ('actily c(lt `rc'in V the value by numerically integrating
the presstur', \ih respect to volume in the hot region ov(er one cycle.
Work (otput is simila niy calculated by integrating cold region pres-
sure with respect lo, total gZas v0.lume. Main reheat is deteirmined
by the same basic equalions as in the isothe runal rotran, v.cept
that it can be compuied more accurately because it is based on
instantaneous mass flow. This results inl a significant incr'ease inl

calculated•main reheat, as isci ssed in Appendix 0).

.in the nmore complete engine, sinmulation, displacer piston niotion. is

deternmined bv a force balance on. the displacer whicch includes S-uch

Meffwcis as di've chaibet'r pressure, flywheel torque, friction, windage,.

gravity, ancl sprin- forces. .'lvwheel torqtie is deternmined by solving

a t ltorque balance e'quation on I l he 'vwheel.

T he c('( tion fo'r dtis p l;,c 'r d vnaiuic toirc,. i);L•I , n s (l;'iguilre -

t A ) -S P(C (AI)'IS A,)-•t I)fAAI -"(: o5ýs Y +

r p i I,.' V.'o)rces •(ravity o'rc. N )I

• .vhe( re(

' 1pr'essure ill ht spc'/

A )15 l''5S-St'Ctli( lll] a'vr ; of displaicer

.1. (l'('r -;ssi l' in c'(,lrl Slma (,

A ,.r0ss-s''ctioll;II ar,'.a i,1t ti 'j •, t'ro1)

]I tf'hi (,hi.r osre i ll p(dd s ian •o,. .ro

l.•.. trisi•n: or r'l~milpf.ossi~n r v o',e inl connlectinlg m'd
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FRICTIONAL FORCE (FFI

END OF STROKE
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C .~COLD SPACE

DRIVE ROD
TENSION OR COMPRESSIONI
IN CONNECTING ROD (FC 

P

~~RANK

Figure 2-3. Free Displacer Simulation Terms
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j ang le sI)eween drive rod and. connecting rod

V f rictional dra,, or, drive rod

MI)1S reciprocating mass of displacer _

""l I line ar a1c(cleration of displacer

Ihe connectlin, rod force", V, is deternllineci by a torque balance on
the tlvywhteel

Y Crcr sin (0 - F- Vrictional Torque-i Exte rnal To rque 1e (2)

v he r t'

crank arm radiusc ra nk

0 angula r displacement of connecting rod fro ni top dead center

I f'lywheel nc Imoment of inertia

t a i 1kIa r acceleration of the flywiiheel

Equation I is solved for displacer acceleration, P j .... at tinm t, and
this value is used to (fete rinine the velocity, XD)1 and displacement
Ironi lli(I)oint, Xty at time t 4 At by

N-) t t (t At x (t- + () At

X • - At) O Xi t i-. W xIS( (t) At - 112 At (4)

"[The e' xtern ial torqut I( ,el'(111 ili !.'atiot. n 2 re1)rv's nts the 1orqlui', a)pplied
by ain oi(ct ric II.iiHt( If this is zero, there is a net lorce balance on

the displacver at anyV Iinie which moves thedisplacer in some mianne r.
it is desirahle to have s.inkisoidnI i otlion with the displac, r leading
the coupler bi ;bpy r ).iOw htt'ly 90'.

2. 1. 2 Cot Ihr Analysis

-i'iture 2-4 shows the a rranfliieuint ol the fluid ciunple r. The basic
cleh ilent is the ifliid inertia colu ln conta;1i ,ed \d i bin flht' co lfl' titihe.
This i tnertia co'luini p' 1 liilits oplnt tiltl e i . iin, an d la;ld perltirninlance
by (,i iuualil;i ri the I rtu(Inirv 11 wil't of instantane ious v, n iine a n, load J)r ,s -
surlel (*cf'ia ity T. "lhi. s is niadie )oss iblie by the 1a r.e i't, ssule 'di ffer1.-

ehi'(- rtl'qii ri'ed to ;c ei.-' re rate l liriiq I tilluuil il a he attvlocil i's and

lii 5)1 c(,ii lnills i1" iiitet' 'sl..
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The fluid. is contained at each encd of the coupler by relatively large
diameter corrugated nvetal diaphragms. Diffusers are provided at
each end to mininize coupler tube entrance and exit flow losses.
The corrutiated diaphragms are thin and cannot,::•apport a significant
-j-r*essture difference. With reference to Figure 2-4, the equation of
motion of the couple r is

AG P_ . zA 0 (5)SP~E \C -1 P C G C C AC 'C C/ Cc AcC. C

whe r e

engine pressure

AC coupler: tube cross-sectional area

P load pressure

P c(Aupler tfLuid density

coupler tube length

X fltuid accele ration in coupler tube

X fluid velocity in coupler tube

CC fllow loss coe'ffcient

"rThe fl ow loss coefficient is given by

C C CG T (6)

whe re

CI eli ft1 (.~', rcoefficient

CT C c.kuplor tube friction coefficient

"T'he- dtiffuso.r <oe ffic j, nt C,, incltudes friction and entrance and exit
5, ' 5,b. t~etwo.nl hi, cot'ph, r throat and the corrugated d iaphragli,us. It

is ;, co pl vpI (' i ftwt j..ira of thrio'at aingle, throat' lngth, and .Reynol,.'s
r,,.,A)vr. As ,is,,,l her,., it inctludes flow losses in the dilffitser pro pe r
pIts . hi Il hea1d I,,sV ass,1111innJ s.udden expansion at the ,nd of the
,litlfts:-('r, ".l'hles' I' V. l 55 C (' Ip1S O t' l ints are plh)ied in Pigorv Z-; as
tIi1'ti,)ns ()t ihle art.;, ratio ;,i th(! two ends of th, diffuser. The two
(Wistila .r l,.4 I co, )rv(e' ,are experirnental correlations I'romt le,,lre nce i
filV I,ss v,,lfi'iýints ;it the spccilied upstream R(.yt n,)lu s num ),brs
vilh ;an ,,pir,,It io tat1. 1,i'futse r o nglle of 7. 5", These vssent:ially
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COUPLER TUBE FLI
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* Figure 2-4. Fluid Coupler Arrangement
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Figure 2-5. End Region Loss Coefficient Components
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bracket thI ralnlge of loss coefficient values. The third curve represents
the total head loss for infinite expansion from the large end of the
ditfuser: The STEPZ coupler design has an area ratio of about 6
which gives a near optimum total loss coefficient 0 12 to 0. 16. A
conseAtive value of!0. 2 is used in the siinula Lion•. The coupler tule
friction coefficient is expressed in general terms by the Blasius

* forrmula {Reference 4) for turbulent flow through smooth pipes and
,.represents all fric Lion losses in the necked clown region of the coupler.

*It is exl.) 1,0ssed as

0. 3104 LCSCT x (7)J

whe re

Re Rev nolds rutrii I

i.C outpIe r tube length

(I co0uple r lube ia nme te r

C, is typically 0. 1 to 0.4 which is on the order of CD.

2. I. 3 Pliez.oevlteCtxic Gene rato - Analysis

2. 1. 1. I Material

"I lhe pif-oe, le, ct ri. "nte rator consists essentially otfl st ack. pie'zo-
eAlectric cernoic crystals wvhich arc- subjwecled to Compressive st ress
by the engine and coupler. WVhile se,-vernal naturally occulrring cr, ystals

xhil~it 1 (,t'l~ct r ic )propertii, s. in the lasi two decades work ha s
cente red on dluvelopinQ piezoelctric maitherials with iiitpromv'd elvectro-
mlte.chanical (Ollstants and bIttext. tenl)pt ratutre andi tithe (Ing. ingl stability.

.'rf),urness ha;s ( 4. W, red ,1 I( l I'.rr It, r l itr ( rystals with a p)t'nO)vsk itC,
slr kn tur:tm . ''hiss I ri't' t ' i.-, a' v it -c 1l()s(, - pa ck-d itr ra ng-Z1 mv nl of
fxidl. ions a ml tIt. ar,-,.r :,tit'las, with the stial ,ler catio1ns o,( ct*p 'ing

(,ct;,h(4 r;,l intet i.eli'.s ill ,itl ord'i'ni. pl) to•r'i. Ujsefutl 1)er,' vskite
lpf.ix•,f.loctri,'i c.,, illm siti,,IS () , 4•-I . d .,ir-Clnalt, litatnatt, I l)/.'l ha e )Votn

T);,Ient(.ed it .th lbitilt.l S tat lS y Ilil( (-:I.' -iit( CoIrpoi r aithl t. Le'a4d
zi. ''l;ti " l' itf i, t' tttpl,,,it.'ors have 170' it) 400 C curic points (th.
It1,.ilp,.*r. tlr," ;tI vhich l i ' a .t'ials. Pt'lIru ill;oiutly lose their piezoelectric
pr,r'u i 's whi. h p.ittil high iL ipl.'.ra li g� lt. po rlat iirtllr s. This clharatc-
h' .ri. Iii . l,,,.'.lhb " tw ithI xvi. ';:d, lle )iit.,:i'.lea I r it- electr 'teec'ha ttji,.

, .,li.•; t;, til . lil,.s owe'r rle lshitei s o f al Iast I0 w/Aih. I• l h. Chi•,'i,.d.

I'i) t',.r st.ill~ii , C,.rillii - l• 'lA 1t1tli'n'i.l Ii.,s a•l acvaill;i.to ill to ~l't"
,I 4th" pola, ri/,t ion tlh;,t 4ingi-lv ct'v'sials ain r al i' IW. h i'thl l( infl,
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desire d shape before polarizing. Table 2-1 shows the pertinentproperties of some important piev.oceramic materials.

Appendix A desc ribes the work pCrformed by Physics International
working with PZT-511, a material capable of producing a high output
power for a given stress, and LTZ-I (similar to PZ.T-4), a material
wi-ic-h proludes a lower output power for the -,ive)Pstress, but which
can withstand high compressive stresses without degrading its piezo-
electric properties.

Appendix C describes the analytical techniques utilized at DWDL for
predicting. porformance and correlating theory with experimental
data. Included are correlations of the PZT-51-1 and LTZ-1 data with
theo r.

2. 1. 3. 2 Powe r Output, Losses, and'Efficiency

When the piezoelectric crystal is compressed, energy is stored both
in mechanical and electrical form, typically about equal in magnitude.
LElectric energy is stored as the charge on an effective capacitance;
the mechanical energy is stored as the potential energy of a com-
pressed spring. The piezoelectric crystal may be connected to a load
continuousl' intermittently. In the latter case, the material func-
tions as a vollz.ge generator with a voltage proportional to the applied
force. This energy can then be discharged periodicaily into a load.

For energy conversion, the fraction of energy stored as electrical
energy is all that is available to the load; however, most of the stored
mechanical energy is not lost; it. is returned to the engine when the
compressing, force is relieved. This fraction of input mechanical
energy, then, does not enter into an efficiency calculation for time-
averaged power..

Both electrical and mechanical losses do occur and must be accomIlo-
dated in any efficiency calculation. Elect rical losses result from Joule
heating and electrical hysteresis in the stack. Mcchanical.losses are
both inte rnal and interfacial and typically total a few percent of the out-
putd with best performance occurring at resonance. Internal losses
result from (iomain motion within the ceramic material and interfacial
losses from relative m-olion of the ce ranic with respect to electrodes
and epoxy at the piezoelectric disc inlorfaces in tlhe stack. The clec-
tricallosst.'s airt dependenl on the elecl rik field-on Ihe disc and -on
stress ~and load rt!sistta•u.,. Mechanical losS (Itp(•r(I .n stress and
pie zo lec ric stack g,.uorto l ry.

.t l riI.�,•,•s.r O Ilhf ,Sh . €e ,i' , icle. II'nd. 14' I a If'Illp ralirt. dvewpt'nldeenct'.

"[ mlo'ratuLr.r' it-tt ItS all piiozo-l,'t'tl'i' r irqlj-wr' io: i.'I'in hc,'rnione

:1c. lh;, I a1 r-r , 54 'S 4 lir srl ith IklI1I)4' r;. tt n,' i'h~ctli~'' .4 ilM tihe c•isc iIj t(r-

faicfs f)4. ~I II, d4 I 'Iiff e-'cif t Ia *.NpalIsimIl. hit~r '.1st-S nil stack. It.11lerd -

fitre call C.11 rfni' It ft-() III c i w ct rIta Iv IV- cI, 1t I-;I it-, I liva ats Sok .1 t'*Id ',\ith1 t hest
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l os s n-icc chal isnis or from increases in ambienenf ttemnpe.rature. PrelnIi-
ila rv ineasurenents suiggest sofle reversible degradation in power
output with an inc rea se in temperature above ambient.

For la r-', high-power piezoelectric stacks, operating temperature
must be maintainecd low enough that the blaxiiv-1q operating stress

Sdoes no)t introduce oermaanent degradation. The higher the stack
operating tempeorature, the lower is this allowable maximnuLM oper-
a thill stress. For PZT-4 material, the manufacturer's catalog
'Reference 5) indicates this stress as 12, 000 psi at 25°C~but only

tbOOO ) psi it 100'"C'. ,F'or long-term stable ope ration, the allowab~le
strss may be only 50°; to 60o of these values according to some

maanufacturoer representatives or may be niuch higher according to
othe rs. Only life testing of stacks under various stress and fabrica-
lion (con'ditions can unequivocally answer the questions of maximum
Sallowable stress for oiven require-ments

in the discussi ion which follows, the nomenclature involved in power
0.11 putl and power loss calculation is introduced. This enables
,(liscission of perfor'!mance expectations, pararnetric dependencies,

Sssuinpti,,s, ; uncertainties, and relative me rits of continuous oper-
iatoll V(ie C'SIr 1 piulsed aoperaition.

SThe ('le ct -ic tic ld ,radie nt ,tenerated in a piezoc rys t al is prop 1)r-

t ionnal ',) tht, IppliedI st ress

V
t.

\v where the conStant of proportionalit'., 1is calied thlie piezoelectric
.'ottaoie cocffi,.'ienut, E is the electric field, V he gone rated volta ge,
1 Ohe, cc Ca mic lhick b'ss, and 1F/A tilth stress or r fc e -applied per unit

:. arca. [In t his cc1t at lun, the use ()f pea'l f,,rcie results in peak Volta ge.
and 1111is "force• I'e1s lts ill rills v\'itaWe.

T' l( . r 'l i te * III(' output power , .enoratlod by a piezoelectric c rystal, the-

dependence W 1(Irc( with tine a rid t helt ((1 lii va le lit electric Circ it mus"t be

.s te a IA is lit-hd. At the re Intiely ltw Ir"(jlUlncwes v '00tz) btein

-ciis ide reod 1i I(I" .1m1pressinllg the piezoclevctric ma ter-ialI, the material
5is con siler'id ehlotricallv as a vollta, ,:e -ne rator in series with a

resislor and '-apacimtr I niurc d-6I. I- Appendix C, a nlore complete

equivale.nt circuit ilivtl'vil,.- series annd shunt resistances is uitilized as

has IlSis for de1 ilehd a; IalVsis.

Fi•J~i d I. -. C m, (,n il m )tls. Ope r'al ion

J'. r cI,! int uol)s1 Inon -pul sod) t)rmat ion, tilet. cptiImuI load resista nce for

a nonreactive *load I-quals the in teoralI ilIpecdance of the stack plus the

impedance O•fth" leads. Itcause the pa] citive reactance is so much
-reae l r thaun tlhe stack and lead resistance al tilhe frequencies being

conside, rmd, | hikstc can be, disirc-garded. Then, maximun-u powe r t rans-

fi. rred is giwivn by
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S( (R 2.- z

here

R -R .
-~ L .

.or ,inusoidal co 1pression, this reduces to

whe're

riN 1/,•C(

Swith - the aincular fr c•uency a nd C the piezoelectric ceramic capac-
itaflt.' AIt

whle re r is: thie relative dielectric consta-,t of the material and to is the
ditilect5ic constant of free space (8.85 . 10 12 faradcs/meter)..

"-k WeAppendi\ A p ovides a st epWise de rivat.on leading to

-here

-2 is t he peak stress :F /A

V is ti,- volume of piezoelect ric.`nia ter ial -- At

d] is the piezoelectric charge coefficient - • g

F For thisi case, the: equivalent circuit is shown in IF'igure 2-7.

t'ecaU.se no Ilet tnr,,',,Z. is dissipa ted by the capacitor, essentially all
power is appli]er to. the load, and overall efficiency is nea r 1001"'.
Losses are caalculated using the electrical dlissipation factor (1) oi
tan 6 which equals the ratio of effective series resistance divided
Dy \C. Mvehanical 1o~sse'swit hin the crystals are gene rally smiall
r1nmpared to thest elh, ctrical losses. MrcThanical losses associate.C
wiih stacking several cryslals together and with coupling the stack lot~he- co-ptsinu l,.cain . piston) may b~e appreciable in

ortacV i -ie. Elect rica,! losse's which do occur result fronl lead rosistanct.

* . jnt' irnal I resisfi.nce of the pitezolecrritc stack, which were assumed
in the. first plarag ritph tof this stwcion to bei much smaller than and
cons,.qttently 10uch smallr than H, a-lso. T'lhus the Joule heating is
MLuc1'}i }TSS in ihest- rIrsistancos than in l1i, which results in the high
effici.nc.v While theslosse-s must ewvnltitally bt, considered, addi-
ti tna I work is r.'qul rel bt-for' it mea:ningful v'stimate can llbe made. In
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Figure 2-7. Equivalent Circuit with Sinusoidal Compression and Resistive Load
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.the. literatu re, miechanic(al losses are considered as those effects that
1nc rease compliance of the stack. However, because stack spring-

back is used, mechanical losses are only those frictional or hysteresis
effects that result in heat. -- -

* Inductance can , added to the load circuit to reluce total reactance.

When this is done, the optimum load resistance decreases, and maxi-
u.unu power available from a given stack increases as the inductive

reactance approaches the 'capacitive reactance. At optimum, the
induictive reactance "equals the capacitive reactance, and stack and lead
resistance are the only remaining components of impedance in the cir-
cuit vith the load resistor. For the same load resistor (R -) as
oave ma ximnum output power without. inductance, adding ind,<ictance
in this formulation permits four times as much power because the
inductance has effectively cancelled half the circuit impedance,
thereby doubling the current. Power to the load is IgR and is there-
fore increased four times. The efficiency of the circuit is equal to
the power deliveiled to the load divided by the power to the load plus
power dissipated internally. When the internal resistance and its
field dependence, inductor resistance, and frequency of operationare included as in Appendix C, this improvement in. output power
from adding' indutctance becomes a factor of two ins~tead of four.

Maxinmu ower transfer can be obtained by reducing the load resis-
f tor until it equals the sum of the stack, inductor, and lead resistances.
The maximum power transfer is over four times greater than what was* possible without the inductance. However, efficiency has decreased
from nearly I00% to, a+ best, 50%, if mechanical losses are disre-

Sa g a r d e 'I. A p p r o x i m a te l y h a l f o f t h e p o w e r i s n o w d i s s i p a t e d in t h e s t a c k
and hilf i's transferred to the load.

While this condition permits the smallest stack for a given output
power, overall efficiency and stack overheating problems dictate oper-
ating at a load resistance well above the level for maximum power
transfer.: As the various pow'er loss nmchanisms within the stack arebetter u'iderstood, the design point can be optimized. Experimental
r leasurements, to date show that 60% of this maxinitnmu power transfer

*can be obtained with electrical 1osses, in the stack reduced by more
than half. Mathermatical and experim(entM1 details of these results are
presented in Appendices I, and C.

The force-displacernent diagrani fo'r the continuous connection (non-
pulsoed operation) is approximately ;'!s shown in Figure 2-8.

S. 1 3. 4 Pulsed Operation

1 ecattse energy' stored in a capacitor is E- 1/2 CV s tackI -c r w s s ac

Cen. r ty becom.s
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1t, I'e t k -s lit pr a It [tCL Ota o I h t ac k

Ti is 'nl'v,_, Is 1;1t ilatble dch e l tii 1 1 lit, )i• A w' ltec't r it- c'ry stal is co'i -

IIPr, .1 \¶'( 1PPpliXC P\\ ice e~achl Ayi' Avv ra v puo.ve is thet-n

" tT iL i -1p 111111 ;1 il t I I I Ili.,h eq ail an I1 l -I I I a t hlei.II .tl I .c s IIfll" )II e(II pV 1 r-

atioli\ I fl .S2?ieuPrss v ii nutv loads art-
i~l'l.•<, t,. i A11.-lpend ix t>.

A t' P t"'- j)tvit' I- duri , i ti clltitj nll()s (op)e Pation • withoutt iin•dcl tann e) can be
'LI dl pa PI't• I , il hi 1)1.1 ,+ "'' 1 P)Q, rPl itlil bYv

* I d I U t i'n/ b

\\"•r•"•1 •, V 7T

"i sir [1•Ie,(I* W ' i.s i'.Iuti-'ed b" va I.i•oIIS ilit•':PIctr i'tis 1? t ile s vslOl
TIpe ral i i12 n n h tile pil.ed m, n -lk.. I- t)'i* ;i ,I, lVeIl sta .A(k c-•tfltiitL'rat l2 n. there

is ;in llpililil load resist• r to wh\ich powe P- i s tra ,•s' P, -rlt' d. Ell'Vi 1'0y

I lis. ha r,1,'.' f*0 Hi t h, stack with;t t iiniw, is' tlaill proportional to the

(-a • -•'c ian.111 I h' .•kta and ii i s talis t ofe tilthe load. l.)y the tinle the
a, -111 f the elov.,v ha been Iis cha r ".I:i1r'2 Pee is _,i•;,il l ;Ipplied, notell C! th, t, l(C l'•V ha. been . h d: in

tact , 1,iv aI sinll fr;o(i olo1 i1nm\' b, di,-c ha Iv(I he Io 're the sitack is
;a i 11iii" r4L. 1h; i ', - uii theW i.x 'tc cl .

Al ziolt ," Iifliitatill Mu on III Sd 0peI-at ;-) ijun is the, extelnlt. to Which the piston

.UP pl vi11 Lt s05 In the )I stIa ck can1.11; i iaint.i il ntIh is s t re ss whon t11he s tac4.k
is bI Ln-I - iicha r•L- d. This "v ill be d•te ri1'iined qiurntq- itativel'y b. the
illt(. 'I; li* l ,,I thue c'lc'l P ic'l dis.cha r,, t iilt consta' nt aind the it •'chlii-

i';1al ctil;t''lculo t tillni constant lf tilte pistol. Analysis miust b done,
iri thi lll' cI stal it inttelractioin ,ill'! the use of an in'ductor ill the, load
-iri',.. o dte P.r0b ipP;Iclical ra l ,iratliimL pa raimlh',r.s. Such system
Sl ; is, illtsiS '-.il piri.vie beth- i* 1, iill .- sIt;inlil.i ot the P'elat t, e mii -its ol

pill se' a nd (( lt iIiili (r atliol.

Ui~ Ii ta- ! i- ,lv" dis P•Pe. !, l' it ili [lie cilllau lts ). tihlet ' in lce ,'is. lac' li•l•- t
r2 lit 1*'t P of*m p.jtiIs- S o*i I-;4 at ion maIv ;i~ppea r as shown ill F ig~iire 2-8.

" "he s�t.acki is r',upAe,;.nl toll l A t' b I I) o ien ci -ri' it. r Ilis lia I-l gL'I

v. ithu l er I ;'-,.ilI lie- folce I I Io (C , Si. S" is re Ic. I' St.(i ml on e 1• cil i r -

'i C I to) I )lB. ;.n1 thell, stack is . ;,a;iii i si, c 1.1i'letd with kiplpusitl" pola i -

ilY il) If, AI,
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Both c(ni nuous and pulsed power Output depend on several, classes of
pa rainet trs. Sy stem va riables include m-aximum stress level, stress
wa\--t )rru, and frequency. Stack variables includtW-ýeramic diametrer
Sand thickn1,ss and piezoelectric material parameteors. Pertinent load

v ststemn characteristics ar, maximum allowable voltage, load resist-
- ancte, and load indtuctance.

IIIn .eneral, o r given stress (force/area), output power increases
with f requencv a nd with the volume of pie-/oelectric material.
Output is, the refore, proportional to the heigtht of the stack and
the squareo. stacl diameter. Because the output voltage is pro-

portional to :e ratmic thickness, the same output power can be
tielive red at a lower voltag,,e bv using niany thinner ce ratnic discs
instead of fewer thicke r discs. This assumes negligible stacking
losses at the .rvstal interfaces. To the extent that these losses
occur, output-powe r and efficiencV will be dec're sed.

Associated with piei.oelectric ceranic.crystals of decreasing thicýkness
is the cost of fabriciting :additional ceramic discs for a given output

power. A 0. 020-in. thick disc costs about 25%,, more than a 0.040-in.
thick disc. Disregarding, potential losses at the additional disc inter-
faces, twvic e as many (liscs are required to supply a given power;
therefore, stack cos.t is about 2.3 times as much. Reducing the disc
thickness to 0(. 00:3 in. (to supply. 30 voltsrnswithout atransforme r),
increases the cost by 3 to 7 times above the 0. 020-in. thick disc.
Further, 7 times as many discs are required for a total cost of 20
to 50 times as much as the stack using. 0. 020-in. thick discs.

St'acking is muchb -�-e difficult and manufacturing reliability decreases
as disc thickness is reduced below 0.020-in. However, the thicke'r

the disc, the higher the vool~tage generated, and the higher the heat
prodcuced withiin a single isc. These factors limit na ximum accept-
able d, lisc thic],kness. If stack potential is more than 500volts rms, add i-
tional insulation n"'ust be added to the step(bown transformer winding
Sto'pre e;t breakdown. This -retults in no s ignificant penalty until
pote"ntials of a few thousawnl volts are rcaiched. IT-he 0. 040-in. thick

disc deign provides less than 40( voltss r1 3 atl Ilie. t ransformeiprimnary.

A tnore significant constra int is hea. generated per disc and the
Sability of t he sy te'i to. rei wivo this heat without the piez.oelectric

r. ri h,.o•.C r heating. a (n I de ra( i zig. -he. brass interdisc elect rical
c(:onnectors Also re mwv he.at t-idially fromn the stack. Becaluse brass
has a th.rral conductcivity about 5~0 t~iny's that of the piez'/oelectric

c era Ic ]- mte 'a C t he 1,tl , brass thickness can he adjusted so that most
of the thermwal gradic nt id tshe pieooelectrcic (ist occurs over the
•- short disb(',. !tw(!,..n t[,h, brass a;nd the:' nidplane of tilth piezo-shert.rce disc, thetu; kin . the te lera turte incqrese proportional

to the ;i,'i¢,ele'ct'ic (disc htc'kuc esý4.
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To facilitate removal of heat from the stack, the diameter of the brass
conliecto rs can be large r than the piezoelectric ceramic discs. The
bra'ss connectors then serve as fins to dissipate heat. Further

na(lysis and d esign studies are needed to determine a desirable brass
connector configuration. These studies munsit coW.'Uder stack geometry,
1-)M;',r -and effic iency, amrbient conditions, and assemrbly constraints.

Other:desin. uncertainties can only be resolved by testing the piezo-
electric staclks under system operating conditions for extended
periods. These uncertainties are primarily in requirements for
stack preparation and limitations on stack operating conditions. The
uncertainties in stack preparation include piezoelectric disc surface
finish requirements, epoxy modulus, and joint thickness. Uncertain-
ties in stack operating conditions izyclude interaction of maximum
operating stress, frequency, and temperature, as these variables
promote and retard degradation.

2. 1. 3. 6 Simulated Generator

Two generators were modeled and used with the dynamic simulationprogranm. One represented continuous power extraction, the second
pulsed power extraction from the piezoelectric generator. Initial
sinaulation involved continuous power extraction because this was the
operating mode utilized in the testing pro'grani. Early test results
Swere disappointing from a power density standpoint, and alternate
approaches were evaluated. The most promising concept was pulsed
power extraction, which could be simulated by a hydraulic pump.
Eva'.luation of this simulated load concept showed several advantages
over that for continuous operation, and it was subsequently
adopted for the relerence design. Recent studies and test results
discussed-in Appendices B and C suggest that continuous power
extraction may wdll be :the best approach for the piezoelectric gener-
ator. Experience with the system simulation program has shown
th'at the type of load has no significant inipact on system performance
at the.desired operating point. For this reason and to avoid duplica-
tion of effort, the hyd raulic load has been maintained in the reference
design. The paragraphs which follow describe the two simulated load
; pproa c hli.t .

In the conipl(-t,! tionisothermial sinulation of the systemn, a forc( -
di.s:place ('unt cht racte ristic riustt be included for the: piezoelectric
generator. Displacement of the piston which compresses the stack
is key.d to displaceenient of the power piston in the test setup because
tht. couplehr has very little compliancoe. t.pwever, force applied tothe
Laefg: t(,r piston Iby comp re ssing the pi,' z;electric stacks deepnls oil
Ihe f.lo.c trical ilt,.rconveCtion of the starcks. A contlnuo Us-Oip ration

.n,. , t,,r .sintulttication test setup which utiilizes hvdratulic flow dlissi-
pati o ;,1 tsd lJi ililnatic Iboiic. cha l:fil r i; shown in 'Vigoulr 2-9. ) res -
-.i , re* 'Pv,.ry is ti ,ta ile.d :1t the ge •vr ;l. ()f vind of the coupl1(erv bv a
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,it fseri'. This is the point at which work would be applied to the
piezoelectric stack if a real generator were used. A metal diaphragm
can be inselrted I t this point if d iffe re nt fluid properties are required
"in tle coupler and Ioad i>'eions for the real or simulated load. In the
s-bl-ated load, the fluid necks 'down to a variable' ¶iw restriction
.:which is cha,'aeterized by both linear and quadratic terms in flow
.velocity to epresent any desired combination of laminar and turbulent
flow. After pa sing through the load restriction, the load region

-fluid ope rates •uainst a pneumatic bounce chamber acting as a spring.
If there were no flow restriction, pressure volume changes
(Figure 2- 10) would move up and down the dashed line, with no work

t perforimed. The overall volume of the bounce chamber determines

the stiffness and nonlinearity of this pneurmatic spring characteristic.
With a flow restriction, the genetrator side coupler pressure is
higher as liquid moves to the right and compresses the bounce
chainber. Conversely, this pressure is lower when liquid flow
reverses. 'lhe resu.lting P-V diagram is shown by the solid curve in
Figure 2-10. Work at the flow restriction is converted to heat and
dissipated by the cooling coils.

The pulsed -ope ration generator simulition test setup selected 'or theSproof-ofprinciple system is shown in Figure 2-11. This is avery

Sclose a nalo. to a piezoelectric generator optimized for pulsed power
extraction (Appendix B). The cou..ple r wokl<s into the load diaphragm
from the diffuser on the generator sifle of the coupler. The load
" (inaph,. se paratesercury in the coupler from hydraulic fluid in
the compliaince ( harbbeir, but does not sustain any pressure difference.
XVWith the diaphrami in' its extreme left po ition and the compliance

cha mbe t-r at reservoir pressure PI (F:igu'e 2-12), as the mercury
coltiun and diphlhra-gin move to thI" r ight, h d ra ulic fluid in the com-
pliance cha uluber is pressurized to PI (A to B). Sizing of. the compli-
ance c'han ilb Ir and conipmessibility ot the hydra ulic fluid deter minehe slope of A-B. -t Point lb the hig-h pressure check valve opens.

As the lo;ad (liaphma,-gm continues to the right, hydraulic fluid is
pumpd,)! into the high pressure acCCUtilatolr at constant proessure.

* When th dtiaphragiu reve rses I I,'ection, p'essure rI (ops (C-1)), andth'" low pi.UN, check valve opens. Fluid. is Iretur'ned to t:he compli-

, ht v pressur,. ,is the diaphragm continues
its heftw,%;,d iuiotjon. At 1Point A, the cvkl I-e repea ts.

"i'hw cCti no Iators aliow hivImaulic 'fluidl to bieed through the throttle
valve at ;I 'ouistlnt raZl1t., eveln t1hough I'dliil is delive red in pulses. A
lhrottlh valve .ii late s WO,'k (li g u re 12 -u I ) by dissipating energy

sto red by the. hi.h pressire l iyd maulic fluid. Iha t genorated by flow

loss in. the. thrmottle val0e is diissipa ted by .c ooling coils. This svsteinl
has the7 atv, Utae Of providing a ready 1111a surenieut of simulated
powe.r di.lie ('by Iy nwasuriitg flow throu,th the siitlaterl loaI and

. , drop ;, oss it. It can a].sob l Vl' jil y colive rteod to produce
rm,tl M 1ork hv u eplac'i ng the th motiti, valve with a hr,'a ulic motor.
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Pte rfo rma 1ce calculations with the two simulation models show vir-
tually identical system performance at optimum, as a result of the
larg•e coupler inertia. The shape of the frequency response curve
at off-optimum conditions differs in the two cases, but this does not
affect the reference design systen .performance.o

PERFVORNUNCE ANALYSIS

Usin- the analytical methods described in Section 2. 1, performance
of.the proof-of-principle device and a suitable piezoelectric gener-
ator wvas conlputed.

2.2. 1 Proof-.of-Principle Test Device

Although the isothermal analysis was used to select the first refer-
ence design, real understanding of the problems came with the use
of the nonisothermal simulation.. Effects of nonlinear springs and
the effect of, displaceIr-power piston interaction were observed early.

[ The analysis WVhich led to selection of the reference desig.i is presented
in this section. The design was selected using a very hih moment of
inertia for the displacer flywheel. This simulates a driven displacer
which makes it much easier to achieve stable and consiste:!t data for
parametric st:ii,1ies. It was subsequently shown, as part oi the startup
and transient load change analysis, that a pneumatically sell-driven
free - running displacer is possible .with a realistic flywheel inertia.
It was also found that stairtup can. be ac'complished smoothly by crank-
ing the displacer with an electric motor..

2.2. 1. 1 Effect of Nonlinear Sprin-gs,

Some unexpected and apparently anpmalous results ermerged during
(!e yvelolpnment of the dyynamnic sirnula tion. For example, coupler
oscilla tion, somewtimes occurred at a frequency different from that of
the displacer, typically in integral ratios, such as five power piston
strokes for four displacer strokes... Bi-stable modes were also
obst'rved , e..., two cases with identical parameters and slightly

Sdiffe rent starting transients stab)ilized with vastly different ope rating
c onditions. Th,.se phenotmena wererat first attributted to the usual

Sa om;,1 lic s which ;appear in a comiplex new compute r progra mI. Eval -

Ilation of siziiplifierd no nlinear spring marss analogies to the STEPZ
svsteni showed, however, that these were real effects rather than
C OPl~tf! It [ ( iOV i " ! ra5s1is.,

Th,. S'I'Pi. systemn is highly resonant and has relatively litl.he damping.
This ri.sullts froM the la )'tt a mount f 1- i W1Uial energoy storage required
by till- cvluple'', ;Is coinpa red with the work output of thU, svstoiri. As a
resutll, .4vsystri per forrmance is quite ti v s 5nsi!;,,, to operating conditions



an, design pa ra meters. The ,:olpler is annlogous. to a driven sp ring
mass system, with the oscillating liquid column as the miss attached
to the hydraulic load sprinpon one end and the pneumatic engine spring
on the other. The problem is complicated by the fact-Ahat both springs
and .-4,•t•iae-(lrive force are nonlinear. These iTonline,¶-ities are the
direct cause of the hi-stable operating modes-(Reference 6). Simi-
iarlv, the differing displacer and coupler frequencies can he caused
by either the nonlinearities or transient effects. These effects were
"greatly reduced in the final reference design as a result of reduced
compression ratio.

2.2. 1.2 Effect of Displacer and Power Piston Interaction

The sensitivities and dynanmic interactions between the displacer and
powe,r piston caused enough problem in the simulation runs that an
early decision was made to add an auxil.arv electric motor drive for
the displacer. This approach essentially removes one degree of free-
doni from the system and greatly simplifies control. The final
reference design exhibited much less operating sensitivity than the
initial design. This resulted primarily from reducing the compres-
sion ratio of the system, which effectively increases the ratio of work
rembved from the system to energy stored in the coupler. The system,
nevertheless, remains highly resonant.

2.2. 1.3 Compression Ratio Effects

The classic solution by Schmidt as refined by 6oranson, et al.
(Reference 2) is based on the assumnption of isothernial conditions in
the hot and cold gas regions. In the.isother;nal program, this assumnp-
tion is crried through into thermal input coni-putAtions. The primary
factors which contribute to rakingthi.a ssunaption unrealistic for the
STEP/Z engine are pressure changes over one cycle and operating
frequency. The combination of large pressure changes over one cycle
with high cyclic rates results in rapid pressure changes with time.
This tends to cause pressure changes to be more nearly adiabatic thr' ,
isothermal, with large resultant temperature changes or nonisotherr..,i
effects over one cycle. The relative probl .nY between engines for the
artificial heart and the STEPZ/ application is that the. operating pres-
sure ratio is increased from 1. 2 to 1. 9 and the frequency from 20 o
60 Hz. The problem is further augmnented by an icrcreased heat trans-
fer requirenment per ,tnit heat exchha nrge r atrCa as discussed ill
Appendix D.

This ;roblem was recogniz f early, hut the isothernmal program was
the or'iy rneans 5 vailable to ,stablish an initial reference design with
which to blrgin the triechvnical (k sign effort, Early results with the
no nisothe ruil.I p rog ra hed to thet Ins iiin that cthe compress ion
ratio sel c ted for the ihitial rvferelci' (Iesign .was too high. The
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1,1stroked:1'vlt e tradeoff studies. with t-he nonisothermal simulation,
'tas described in Section 2. 2. 1.4, Wvere used to select a near-optimum

compression ratio based on solid a nalyt-leal foundation.

SC ip•1kression ratio is conventionally. defineed. as4ie ratio of working
gas volhme at the beginnini of the compression stroke to that at the
0 end. These pointsý are difficult to determine exactly in the STEPZ
Sengine but are very closely approximated by the ratio of maximum
to mninhium working -,as volume.. Based on this definition, the
compression ratio of tie engine was reduced from 3.6 to 1. when
the nonisothernml simulation was used.to establish a new reference
dessin. The resultant increase in displacer stroke c-,used. perform-

Sance reduction because of increased mass flow througi" the regener-
ator with attenda'nt higher main reheat loss.

2.2. 1.4 DesigynTrades and Prt'dicted Performance of
Reference Designl

Two reference designs were used during this effort. The initial
reference design was established prior to the start of contract
work using the isothermal program. A summary of computer
performance, operating conditions, 'and geometry is provided in

-Table 2-2 for this initial design (first column). ;Following completion
of the nonisothermal simulation, it was used to establish r. second

S.reference design (center column). The last column in T,-ole 2-2 shows
I performance of the second reference design, calculated asina the

. isothermal - rogram; this calculation is presented to cooitrast theresults obtained with the two computer programs.

The major difference between the first a nd second designs is the

compression ratio. The isotherrnai program, which was used to
I establish the initial design, predicts ever increasir:g p.pirformance with

increasin.- compression ratio. A compression ratio of 3.6 was
arbitrarily selected for the initial, reference design as representing a" practical upper l iit. Tihe com ression. ratio in the second reference

desigin was reduced to 1. 9 because 6f. the nonisothermal heat transfer
effects discussed in Sectio n.Z. 1. 1 2. This was accomplished by

* reducing coupler swept volume and inc.reasing displace r stroke length.

' In arriving at the new reference design, other ,eometric parameters
were varied in a limited parametric survey using the simplified
version of the nonisothermal sinittlatiol-. No signiticant changes were
indicated. ilowever, minor cha nges v(*re, 1-m1ade for design convenience.

-.'ir exarnple, e ngine dianictelr was redr'ed.fronm 1. iO to 1. 44 in. so
that previously designed displace r su;pc t't fhxurcs could be 1sed
directly. In to following paragraphs, sorne of the design tradeoffs
and engine (- ynamic studies are discus seCd.
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Table -2-2 -

REFER~ENCE DESIGN PERFORMANCE AND SPECIrICATIONS
Or ig in I /sot lie rmnIz New/Non..lso.. New/Isothermal

Comnptoed Petrformne.l~~tl Prog raitr thernial b imul. I ru4~ranv

UPowerrOutt)ut (w),
7 k*- tiross engine tm~tput 38477

* Windage l. 29) Z9
D)rive' powe~r -31

*Ntet engine. kimtpt 497 54049
Co~uple~r loss 22 I4

2 22
P~owe~r deliver"~I to simiulated or ---

rexl louad 58Y33) 51H 4.7
Fst iniated litecuhaniial Loss, in P4~t

* tack draver (90'ý e.fficient) 4~ 1) 4)1-: 52 43
Elec.trical and mechanical lst-es

in Pe. sla(!k 441) . 478
elss.~ect ricaul p... v~ r vne r at~c ed 39 (.74)v: 419 14o

PwrInput (w)
Sevond l aw input -83 1 991 7t,3.
Main reheat loss . 375u. 110 o 3.1
Cylinder wall .. ondtittion loss 45 .. .454

!)ISPlacer w~ll conduwition loss "0 .0 1;o

I otal24 1717

Compo'nent and Syste~m Efficiency (IL)
Engiune onlyj 39.3 24.0.8
E:ngine ;and c-oupl&.r *3 3S. 4, Gtit. .7): 23.8 Z9. 0
("oiuipluete Symsem . 3 1'. 1 (21. 7)* 19. 2 2 3. 5

U4 lie tit g C, z I..ud f)? 6 .uu

II,.mte r pist,,uuIuhu''g-Lit-li0 4 .140lt
O tr.%~ . ,. ,u illqw rotul- (1 r.. (o (10

r~~iln -v-I 4cIri4u.ýl (. i. ) " .lot) 1 W 2121.1
Minu:.ifulmvnlepr,-s:1u.v([t a) S f..0* 1~ 11*. .

* Iv.-ra..u- I-- vliut-srsti;,1 1 (p ,i .nc tI OtV-. 1 7. i 0s 1. 71s

Ik *tit 'ta.,,.fr" 2- 0 711 0.01 ) 1

AA-il-'~~r.r. u~u' illuu u N-il. NO irk _0~,; *i

~ nI.u I t itu.r (i.(A 0..* 0.0

Efloil41



The nature of the nonisothermal design trades and the 'relative
performance sensitivities are shown in Figures 2-13 through:2-16.
Figure 2-13 shows performance (engine power output and efficiency
with 'n6o pa rasi tic losses) as a function of displace rcylinder radial
clea'rance. This paramelter h~s a stronger effect. o.performance
tha[-ainy other. iOptin-urii performance occurs near 4 mils, but
5 mils was selected as the design point on the basis of practical
fabrication limitations and maintenance of a reasonable-windage value.

"Figure 2-14 shows the effect of tradeoffs in the heat exchanger and
regenerator lengths where the total cylinder length is held fixed at
a practical limit of 7. 0 in., which is also a little below optimum.
The selected design point sacrifices some efficiency to permit
enough cooler length for close coupling of the power piston diaphragm
unit below the cold cylinder wall flahge.
The effect of compression ratio, in terms of parametric va•iiatiohs

between displacer stroke and piston pumped volume, is shown in
Figure 2-15. The original isothermal reference design is far off-
optimum with "the nonisothermal analysis, Some efficiency com-
promise was made in the new design to raise the power level above500 w. This-reflects a' power density limitation for the simple

annulir regenerator, at a reduced compression ratio, which could
not be 6bserved with the isothermal program. This effect is empha-
ssized in Figure 2-16 which shows performance of the new reference
design as a function ofjfrequency. At.20 I&, power has decreased to
20"0 w, but the efficiency has increased beyond 40"!0. Parasitic'losses
were~not included inthese calculations, but their effect would be to
decrease efficiency at 20 Hz, to about 36% with a sharp drop to. zero
efficiency at zero* frequency.

In Figure 2-16, it- is aissumed that the charge pressure remains fixed.
This means that c:oupler length mnust be increased as frequency is
reduced. The proof-of-principle system will, however, be capable
of demonstrating increased efficiency at reduced power levels by
operating at an appropriate combination of reduced frequency and
charge pressure.,

After final selection of the basic geometry and ope rating conditions
,with the simple version of the nonisothermal simulation, the more
cormiplete versoion was used for additional refinements. With the
driven' displacer, and free coupler motion, fine adjustments were
made with l0ad pressures, gas charge, and coupler length to achieve
stable, resonant operation at 60 .1-z with the engine diaphragm nearly
bottomirng out On the support plate for minimal dead volume.

Sekect(-,d coitipute r plots in Vigures 2-17 and 2-18 show.' resonant
opf-ra tion of the system. Figure 2-17 shows hot and cold end region
1 ils temperatwtres and load and engine pressures as Runctions of time

CV onr c ye cycle. The significance' of nonisothern.al effects is appa re nt,
Sv(. n ai t th(- low cornpression ra tio of this systeni. hot gas tetnporalitre"
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Svaries f om 60'C above the heat source temperature to 226"C
below it. Simil-arly the cold gas drops 18"C below the heat sink
temperature and rises to 99*C above it. Load pressure exhibits
relatively steep rise and fall characteristics with njqrst of th-. time
spen' -vith intake andcdischarge. The engin-pressure trace is
considerably broader on the low pressure portion of the cycle, with
the arithmetic average pressure of 1876 psia at 138 psi above the
(I time av'erage pressure of 1738 psia.. One pressure-displacement and
three pressure-volume diagrams are shown in Figure 2-18. The

FI area enclosed by the hot and cold region diagriarns respectively
i . rep,- sents second la, heat addition to and rejection from the system.

The area of engine pressure versus total working gas volume diagram,
gives the cyclic work 'utput of the engine. The area of the load clia-
gram, multiplied by the effective diaphragm area of 45. 7 cm 2 , gives
the worik delivered to the load.

. The displacer was driven at a series of frequencies around resonance
* to develop a frequency response curve for the system. Results are

plotted in Figure 2-419. Power peaks with a fairly flat characteristic
3 right at 60 Hz. Power drops off steeply below the resonance fre-

quency., but conmparatively slowly with increasing frequency. This
characteristic is the most pronounced effect of using the pulse

Li .power generator simnulation as opposed to continuous-connection
V piezoelectric generator simulation. With the 1nt-ter, the falloff from

resonance is sharper on the high frequency side and shallower as
lower frequencies are approached. This results fromI the differing
charaicteristics of the 'nonline-arities. The resonant point shows vir-
tually the same oerformance, however. Efficiency shows a muchshlarper peak than power density, which reflects greater efficiencies

* possible at lowerpower densities. The phase lag of thepower piston
behind the displacer -s near zero at frequencies much below resonance.

. Phase lag increases sharply toward the resonance value of about 90°,the asmtdcalyp °[ then asymptotically approaches 1800 with increasing frequency,.

.Z 2. 1.5 Vree Running Displacer

All computer runs discussed utilized an xtremely large moment ofS[inertia for: the dlisplacer flywheel to effedctively drive the displacer,

- at a fixed frequency equal to its Initial value. The effect of a realistic[ flywheel inertia is consequently of interest.. An inertia of 450 g-cm 2 ,• equal to that of the system dlesign, was'used, and, the system was

started from equilibrium resonant conditions. The result is shown
in Figure w-20, which plots angular velocity of the flywheel as a
function of time. After a slow ing transient which lasted for about

c Cycles, the system was r uln for 15 additional cycles (only S shown)
'nd sta bilized nicely. Because of non-uniform d rive forces, a ngular
vlocity Varies from about 350 tSo .107 radianm. per second over one cycle.
This r.)'re (.s.its fully selfl dr ivn operation,, with the drive ,motor const-
i ng a .nd all wind;, ge forces ovetrconem with the pneumatic dIriv powelr,
if bwaring and s,.al friction on the dlislplacer drive shaft are disregarded.lW)
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:2. 2. 1.6 Startup, Shutdown, and Trznhsient Load changeChara c te ris tic s

SSeveral studies were mace with the nonisothermalsimulation to
investigate startup. shutdown, and transie-nt .1'0achange dynamics.

SSta rtup annd Shutdown Characteristics

Two types of startup were investigated. These include (1) an increase
in displacer frequency from 0 to slightly above the design value with
the heater and cooler temperatures helcl constant, and (2) an increase
in heate-r te nperature: froiri cooler tenperature (40°C) to the refer-
ence design heater temperature with the coole:r temperature and
displacer frequency held constant.

The increasing frequency startup sinmlates a condition where heat has
been applied and operating temperature. has been achieved; at that time,displacer motion is started. Du'ring tho "initial heatup before the
displacer is started, pressure in the engine increases; this moves
the engine power diaphragm from its. initial position to a new equilib-
rium position whichdepends on the displacer position (i.e. the distribu-
tion of gas between the hot and cold regions). These are the .startingpositions for displacer and engine diaphragm when displacer motion is
started. During heantup or cooldown, a condition is never reached inwhich either diaphragm bottoms out against its backup plate as a result
of static pressures.

In the increasing fr eqtUency simulation, a forcing function wva s applied to
the displccr to increase its aingular velor-ity from 0 to 400 rad/sec
(equivalent to 63.U'6 Hiz) in three seconds of real time. Because
effe.cts nea r each end. of the speed range are of prini-ary inte rest, the
fo.rclngi function a as

0 ZO0 - cos0 I. 04,72t]

whe re 0 is the displacer flywheel antigulart velocity in rad /sec and t is
time in st.c. Tlhis function causes the displacer to st art with zte ro
'frcquencv and ac,.eleration and increa se Speed sl owIy at first. Ma xi -
111u1.11 ac ceeICraItion is at an a414guilnr1 veliwcitv of. 200 rad/scc, which is
'reached i. 50 sec afte'r start. The . p6ed then continnes to i tic rea so
to 400 raid/sec at :3. 00.svc while accct'e ratLion is do creasinl.to Iu ) r.
The first full ('yclh tak.s 0. ý(, svc as contrasled with thit final cycle of
0. 0 16 s.c. ,A hot shuol trown c ase is sinit1lat1atd iw' this same plot with
-a reversal of the tie•e st.alv or 1.0 H /. at Yzero timl. ulec .*(, 5lg to
zero llz at 3. 00 seconds.

SI;a r' It with I lie re I I. rv. I):(! ( i eoil(n i I( 1!15 (4.e \ u'pt fur I requ llcy),
the co•lipute I is iltla ion rqqiii reul I I h-it 1I' to. tdlte rodie, 5 stt,,11
re-sponse to Ihis Iforci ng fhictLio 1 11. 1 v r piston (d iaphraguil) position

-:u. plotted as ;, fund inn of Ii on a plot aboutll I flonge, it achieve
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" reasonable resolution of the high frequency oscillations. The length
of this plot makes it impractical to include in this report, because
phboto reduction, to a practical size would destroy essential detail.i A similar run was made with the connelcting rod force (F , Equation 2
o;snff Seuation 2...)''of Section, 2. 1.* 1. 2) as the plotted variable. This Showedcthatinstantaneous forc'es during startup never exceedej4he design bear-
ing, *'iad's. Highest 'oads'were experienced at freqiencies above
resonance. Thse' plots are furnished separately for MERDC review.

* jne unexpected lbut readily explained result emerged from the first
run. A lowv-to-moderate-arnplitude 75-Hz oscillation of the mercury
column, about a central point directly proportional to power piston
position, started almost immediately. This oscillation continued until
the displacer reached about 50 Hz, after which the power piston syn-
chronized with the displacer frequency.- In normal resonant opera-
tion, the 'effective spring constant of .he load is proportional to the
slope of line A- B, Figure 2-12, during compression of the fluid in
the hydraulic chamber. During'expulsion of the hydraulic fluid into
the high pressure accumulator fro-m B to C, the spring constant of the
load. is zero. The net effective value of the spring constant is, there-
fore., proportional to the slope of a line from A to C. The system has
been sized toproduce 60 Hz operation, with this effective spring con-
stant. When the frequency is appreciably below resonance, however,
the power piston is not moving far enough to expel-any fluid, so the
system oscillates along a portion of A-B. Tthis effective spring con-
stant, together with that of the engine, is such that*.the coupler
'oscillates at the observed value of 75 H.,. This oscillation occurs

* with a minimal driving force, becrause the only dissipation mechanism
is from flow losses in the coupler.
The envelope of the power piston oscillations follows displacer motion,

with no phase lag, to about 25 Hz, where an irregular beating between
the driving frequency and the 75-Hz coupler frequency begins and
continues to 47 Hz where the frequencies synchronize. Starting at
56 Hz, f-he power piston amplitude incre'ases rapidly to its resonance
value at 60 Hz, then decreases almost imrperceptibly at the maximumfrequency of 63.66 Hz. Allobservations are consistent with pre-
viously observerl or calculated phenomena.

The increasing temperature case simulates a situation where the dis-
placer is brought to the driven frequency of 60 Hz, and heat is thenapplied. The simulation starts with the entire engine at a tempera-

ture of 40"C and irncreases heater temperature linearly to 650*C in
three seconds of real time. This simiulation also requires 15 hours
'ff corilputer time and results in a yery lengthy plot of power piston
(ýIKahragm) position viersus time, which is also furnished sepa ratelv.

This type of startiup yielded ,' Iwating tffoct att ibutble to a starting
transi ent. Amplitude varie!s as well as. freque ncy during this starting
"tr;.,nsient. These transient effects ducay gradually and have almost
completely d isa ppe!ared after 100 cycIt's (I. 67 secondS of real time):
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after this 1pint, amplitude gradually inc reases uniformly. At the

,,end tf 3 seconcls, heater tempe ratuie -is 923OK and the- linear temper-
ature increase is stopped; the heater 4"S then held at-a constant tem-

perhture. Ihen the heater temperattre increase is removed, the
average position of the- power piston moves toward the engine; all
variables (powver pi'ston position, pressure, temperature, etc.)
rapidly stabilize to the referience design values. The work output
and. efficiency are also equal to the reference ciesi'values. This
curVtealso simulates loss of the heat source with the displacer driven
at:60 Hz by reversingdirection o-f the time scale.

The most sitznificant result oi these startup runs and the static
an.lysis is that no undesirable effects, such as a large amplitude
transient, is expected.during startup.

Load Change C haracte ristics

The basiic load characteristic for simulated pulsed load operation of a
piezoelectric Stack (as in Appendix B, Case IV) is in the form of a
parallelogram shown in Figure 2-J2. The slope of the sides is deter-
mined by simulated stack compliance and minimum and maximum

press ,PmIn andP can set to any desired value. Forothe
pressures, min an maxt can13
referenc2 design; P = 96 x 10 dyne/cr'z and Pnlax: 143 x I06
dyne/cm

The effect 'of a load change was investigated by; step changes in the values
ofi P . and P , after stabilized reference& design operation had been

"achieAed, suchmtWat the average pre s.sure remtained the same. This is
Analogous to changing the load resistance, or'the voltage level .at which

power is clumped to the load in pulsed operation. (A summary of these

:load changes and results is presented in Table 2-3.

rIn all cases, a run was started with the, reference load, the loadcwas

changed and then permitted to run until stabilization occurred or until
Sit became apparent that stabilization would[ not occur for a long period;

-it this point, the' load conditions were changed to the reference values
again until stable operation resulted. Cases I through 4 were run to

50 cycles; the reference cases ,were terminated after 10 cycles. The

resultarit plots of power. piston position for these cases were necessar-

ily long, and are included separately and appropriately annotated.

Cases I and 3 had the effect of decreasing the height and increasing the

width of the patraile1logram. Therefore, the effective spring constant of
the load (proportional to the slope of the line from A to C in Figure 2-12)

is'decreased. These runs achieved a stable operating condition even
though power outptiwas low. Cases 2 and 4 had the effect of increasing

the height and decreasing the width of the load parallelogram, with a

consequrent increase in effective spring constant. The.se cases never
stabilized (power piston position did not follow a regular sinusoidal

11Mtir(n of constant amplitude and frequency); the diaphragm hits the end

stop atilow velocity in these Oases,t but the overpressure accumulattors

prevent daa m9v. ,
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These stability phenomena -ire consistent With.the engine frequency
response curve (Figure 2-1. .,An increase nL spring constant n-ioves
the peak of the curve to the right, thereby placing the operating fre-quency ýof 60 HLz in a region of rapidly: changing response (the slope of
the power and therefore the amplitude curve i_s~ver.teep inapproach-
i ,ig t-•eak from the left).' In such- region of rapidly changing charac-
teristics, unstable operation might be expected, especially in a nonlinear
systeriý:-such as this. shinulation represents. . A decrease in spring con-
stant places :the operating frequency to the right- of the peak; this region

ý" has much more gradual frequency response characteristics, and the
system shotuld be considerably more stable.

The poNwer output and. e.fficiency assbciated with any of the load changes
is very lo0w and woul~dnotbea.desir'able operating point, but the most
important result 'of the4e.:'runs is t-hat.no. large amplitude transients orother paot'entially desric-.tive effects o:ccturred' as the result of change:from load to no load or partial load.

These load-change results emphasize the. highly resonant nature of the
STEPZ system. In the moderate .load.change cases, stabilized operation
is possible if the system is ýtuned to.:the .new operating conditions bycha'nging frequency or othr r parameters.' The most likely operating
.m6de, bb.sed on present limited- knowledge, *is to utilize a variable para-sitic load to .maiuitain fixed -output voltage at theýgenerator terminals.

- .. 2, 2. 2 Pi/oeX tric Generatgr

.An analtical formalisn has. been developedwhich accurately predictsthd electrical oiut~p . chairacteristics for. a given piezoelectric stack.
Appendix C dcsceibes this formalism an'd analyzes data gathered atDWDL. usirg thisiappr-oach. B6th analysis and experiment.show thatSan att ra- .x Lenlrator.can be designed using pat riEl-eraor.le rc p.... roperty values andliniitatiPns o the piez~electric material .iven by the suppliers.Tablr 2-4 gives the results of DWDI1 calculations for a typical 300,w(e)
generator totyether with calculations and measured performance for a
smaller stack operating under'similar stress and load conditions.""e asure-ients vc,'rifv the feasibilitq, of pielzoelectric stacks
operatinatý al aowe r dens ity of I % Iwatts in. of piezoelectric ceramic
and a s.tack'efficiency near 70:r

Curr,.ntly, the formalism includes only electrical losses. The dif-
Sf rence botw.en lpredicled and nieasured efficiencies is substantial.
This diffe' encre is attributable to mechanical losses not accounted
for, and elecl ricfl losses incornplietely or inaccurately predicted.
Nevertheless, a pizoel(.ctric generator with reasonable powerdensity 'and vffic i ,nt y can be built, based on analytical and experi-
nintal results reportd in Appendix C.
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Table 2-4

SCOMIUTED PIEZOELECTRIC GE'NE.RATOR CHARA CTERiSTICS

CMStress limit: 1000 to 7000 psi

Frequency: 120 Hz
Material:. PZT-4 or eqciv'aleiW

Calculated Experi- Calculations
Characteristic .300 w(e) mental Corresponding

Generator Measure- to E:pericnental
iModule,: -ments Conditions

Disc diameter, in. 1.00 0.50 0.50

thickness (in. ) 0. 04 0. 10 0. 10

Number of discs 160 26 26

Length of stack (in.):: 6.4 2.6 2.6

Output power (w) 76 7.67 7.t7

Output voltage (v) 336 678 678

* Power Density (w/in.) 15. 0 15. 0 15.0

Load Resistance (.) 1500 60 60

. Load Inductance (h) 1. 55 30 30

"EEfficiency (%) 92 67 93

4 modules required
Disregarding copper or brass interdisc leads and any epoxy

2. 3 MECHANICAL DESIGN

The thr,!e major componenits of the desigin are the engine, coupler, and
load. This concept is identical to hardware systems previously produced
-at I)W)0.,, e.x(pt for the addition of the fluid coupler which replaces the

flywheel ,n i,,ec hatnical coupling of a conventional engine-generator.
.hen the coupler operates in the resonant mode with about 90* phase
"lag, the work diagram is ucarly identical with one for a conventional
Stirlingt engi.ne. This increases poweCI output by about a factor of seven
compa red with the nion-inertial operating mode of the artificial heart
engine. Increased efficiency also results because parasitic and reheat
"losses change little be t:weeni the two operating modes. Compared with
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the. ho ar t:en-ine, theSTEPZ enSinl ope rates withý about 10 times the
cha rge pres SSUre, 3 times the frequency, and one -half the displacer
stroke. Because these factors are essentially proportional to power
output, the STEPaZ engine power level can be scaledoiom the 5-watt
het-n-ine aS 5 watts7x 7 x '10 x 3 x 1/2 525 watts, which is very
close to the ac tua value.

r/
°these differences in operating conditions have a significant effect on
mechanical design stresses and loads. Hardware design of the. engine
and. simulated load is based primarily on extrapolating existing and
proven hardware approaches to the required operating conditions and
ac'comodati.in system sensitivities' introduced by the coupler.

Major components of the proof-of-principle generator are attached to
an I-beam (F'igure 1-6) which is the basic support structure for the
system. The overall design approach emphasizes engineering judgment
and economy in the use of proven and low-risk hardware approaches.

2.3. 1 E ngine (Figure 2-21)

The enginie includes the following components.

1. Cylinde r

2. Dlisplacer! ai nd supports

* 3. D isplacer drive mecha nism and housing

F 4. The rmnl insulation housing

The dryive housing is the basic structure to which major engine corn-
ponents attach. The engcine cylinder mounts to, the drive housing with a
bolted flanige connection for ease of construction, assembly, and disas -
semlrly. The power - piston diaphragm is aktached to the side of the
housing. The driv~e shaft crosshead is stipp.orted in.bearings which a re
mountcd in the houisinig. T he insulation housing attaches to the upper
flange of ýthe coo le section of' the enginie cylincler. The crankshaft and
electric startilp and drive motor are asselfblled into the spindle housing
vvwhich is bolted to :the nmain housing (l;'igtre 2-22).

2. 5. 1. 1 C yIi nd 4-,"

"I'he e.ngine cyli ,hd.r conlsists of the heater ;and cooler section and a
central section to which tht h,,ate'r andl" coolt' h section are vconnected with
fl;,n.,'., joint. l.s. This t , I e-pjie'o cons tr uctI. n all ows the us,. of high-
the ruIl-coiuctanc' ma,,' rials in the h.ater anld coolehr ends of the
cylinhe-r a;,,I lkm' -cnvo lct lita cei. ,1 ' 1r ia i' l l tO ctntral portion to nlini-
r,,iz. -yli)de' r sidh.%;Ill pa ramitic hlat loss.

56



2231
ELECTRIdCCARTRIDGE

HOT FLEXURAL
INSULATION /SUPPORT

HASKELL •HEATER

INSULATION

\_ _

DISPLACE R (0.44 IN. DIA
/ BY 7.00 IN. LONG)

LOOPSREGENERATOR
COPPER •://

DIAPHRAGM ~ IO

CLCOOLER

MERCURY /IISEAL

PUPPER
DRIVESH-AFT/ ) ~ iBEARING

POWER PISTON '-
POS:ITION SENSOR

GAS FLOW " WRIST PIN

PASSAGE

''ANKSIHAFT LYWHEEL
:"EARING

(0,045 IN. THROW) - --

* I LOWER ORIVESI4AFT
DIVEPI( HOUIN BEARING

DISPLACE R POSITION
, NSENSOR

Figure 2-21, E-n II " ' I

*0 4 N TH OW -t'- . . . .

Figur 21. Ein AsROembly



1-0
ujO

CC

it ul

w )

If z

604



SThis 1,ppr, h s used in :the pr'oof-of-principle design-to avwid electric
hea.) r bur lout p,.o luns and simplify the design andiW fa 1)ric atiofn of the
cod heat exchan,.er. In flameheated system, the entire cylinder

fcou .he f 11r iated il one piece from a single high-stre ngth, low-
orid tic, ta. ce a 1lo0 . "

I The contral portion 0f the engine cylinder isInconiql•.25, selected for
,ela-•rivel-y good:, ach1inability. A production version of the device is

t likhlv to use i. e'ne ' 41 :for the cylinder material because of its higher
,th at tc i perature The ID is 1. 437 in. nominal witha 0. 150-in.

mzwll thickness, and operates ht a hoop stress. of_14, 000 psi at 2600 psi
. ,max Operatinp, iessure. This stress ;is a factor of two below the

* Inconol 625 'valce of *29 000 psi for 0. 001"',,, creep in 1000 hours. At
the 29, 000-ps.i level, creep per year. is less than one mil in length and

about ~~ I/0 d.ici., meerYa bot tit I10 mil in' diameter. The cylinder will be proof tested at 1. 5
times operating pressuret to ensure.integrity of the structure. Side
wall he at loss is '45 watts.

The heater section is coupled to the central portion of the' cylinder
with a flanged joint using a-Haskell HV3-29 v-type high-temperature
self-energizing,- seal. :This seal, which has proved satisfactory in

41i other DWIDL 'engines, is gold-plated Rene'. 41 operating with a
0. 003 in.' preset. The flange has eighteen 0.25 in. diameter Wasp-
alloy hich-temperature bolts preloaded to 900 lb. With an effective

cross-sectional 'area of 0.0355 sq in. for each threaded bolt, the
900-lb p reload yields an operating stress of 25, 400 psi which is well
below acceptable limits. The maximum operating pressure in the
enoine -is 'Z6 00•psi, which for the 1. 44 in. diameter engine, results
in atn axial force of 4200 psi' This is transmitted as about 235'lb
force on each of the 18 bolts. 'Because this is well below the preloadi
value, cycling stress does not strain the bolts and no fatigue occurs.
The 10. 000hr 0. 5', creep stress value for Waspal.oy is 60,000 psi,
which provides more than a- factor of two margin above the actual
stress levels.

The heater block is constructed of'chroiiiium copper because of itsh icgh heat transfer chiaracteristics. It is braz~ed to -an Incrinel 025 jac -
ket to e-nsure dimensioinnlstability and ca-rry the required loads,

Twelve 3-;0-%%- artrid, heaters are used, resulting in a 4200-w heatin-,
capability, well abov'e the expected nominal requirement of 2200-w. The

II.nu1.inP a Ilowable oheater eleinent temperature is 16g00*'F, which
re:present~s 1400°, at the cartric e surface. Therefore, the cartridges
are silver soldered to the copper block to .nininize thermal contact
resistance. IV ith 1200.FI at the cylinder surface of the's copper block, the
' ma x1ii, iui hea te r .a rtridge su r'face t ope ra thire undoer :'no minal operating
conditions is 124.0"F. Heaters (-.nit be replaced by drillingi out and
re bra Ing, which is standard o~p,.ratin pr'or''Iirelr ;it DWI)I, for this type
of c(ý'n.) t rrtc tion.(n
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t The co\-end heat xch-n,'e r is coupled to the central cyliider sectioneleen"'.10in. . j nte
thro.M ;Iuh I a 'I tig using u 1 IVet? /1 -i I hih strength bolts pre-
strossed to 2 :,000 psi.; C h11 6ium copper is a1ain used for combined

* high stren'th l ud the..im, alcondluctvjtv .along with the V-type Hlaskell
as used in the flanige adjacent to the hot heat e.:changer. The wall

t.hicksne. s r 0 . I 2 inis Viellin0 a 1u1m1.xiltlum hoop stress in operation of
1I, 5Aipsi i'ompa red' to a 'rooni temiperature y~ield s-:ss of 42,000 psi.

ihe, low r flanoe Of the cooler section is bolted to the drive housing
;vm.i sealed with a Vitoh 0-'ring.

Heat is removed from the systemr using water circulated through a
i sirple coolint-loop consisting of 3/160D x 1/8 in.. ID copper' tubing
!coiled\,a round and brazed to the periphery of the col heat vxchanger.

The pressure drop through this single-pass cooling loop at the des ign
flo\¢ of one iallohnper minute is 15 psi. The sensible temperature rise
of the water passin through the cooler is 15 *F. The film temperature
(Idrop is 43°F avnd the solid material temperature drop in the cold heat

*-exchanU.en is 30,.F. A maximium rise of 88 0 F above cooling water
source tenmpera'ture or.about 150*F would therefore be expected at the
gas-metal inlerface in the cooler.

2.3. 1.2 1)isplacer and Supports (Figure 2-,23)

The displacer is a thin shelLmade of Inconel 625 with a wall thickness
of 0.052 in.. It is pressurized internally, with argon to'900 psi at room
t -emcerature which increases td 1900 psi at: the arithmetic mean oper-

atinig temperature of 343°C. This reduces, the pressure differential
experienced by the cylinder and minimizes the. regenerator wall thick-
ness required for thi cylinder buckling failure mode. Hoop stress
from internal pressure is 10, 100 psi maximum during operation of the
en.,.g, ine. . The crliiical bucckling, pressure is 4430 psi. Eight radiation
shields are mounLteditinternally to reduce radiation heat loss to less than
3 waatts. " as conduction heat loss is only 0. 1 watt, so the sidewall heat
leak of 1O watts makes a total displacer axial heatleak of 3 watts.

The oI.,t at intg clen ratce between the 1 isplace r and cvlindhi- wall is
0. 00-; in whi-h i)s maPintarmd by suporting the d isplace.r at both

t' ntis. It is slpp()ort,(d at the hot end by flexure s and is mmiounted to
the drive shaft atthe cold end by a spherical joint which accomodates
initial mnsaligsininents amd eliminates spurious side loads at the flexures.
This support sys t:ei was subjected to 3. 56 x 108 cycles at operating
eN"tpe.rlit. re during 'life lesting of a NHLI eagine (.Roference 8) without

cv id,,nce i of deg ra dat ion unde r a mic roscopic examinat ion, followint a
c rankshaft bearing failure.

Thc'. sphc' ricaal joint at the drive shaft uses a standard :0. i-in. diameter
-t,,l ballT. The ,ipp(.r seat is Inconl 02, inmpregnated with molybdenum

.di•6t ii ,1,, dry 11ibricait ; the lower seat is bwaring lbroti1.e. Maximnuni
ope.r tlg be';,rinc st.Ie, s s is a nellgibh.' 120 psi. Pvcisionl in this
;oi0 t i.q, ,':T' I vd ( t re.sult in 0. 000,-ii. atn xi ittni lost Motion. The
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displacer 0epa rat ts I fo,,i the drive shaft at ths joint so that the cylinder
di1t d s ,.O be renmoved from the assemhbly without inte rfering
witl thl(e Irive. mechanism. This enhances ease of checkout and mini-

zes turnIaZrouncd thime during the developnment phase of the system.

The fltxtre- useId to-upport the upper end of the splacer are shown
.i-1"i uro e 2-2L4.. The .deflec tionn ode of the- flextu as the displacer
reciprocatteý is show i at A and 11. A pair of flexures is used as shown
at C. ) and E sho'w how lateral loads are reacted by the flexure pair.
Each flexure ,esis'ts11ateral components in one direction resulting in
a flexuraL sVstem oflhigh lateral rigidity yet high axial compliance.

Fig.uure 2-25 shovs a: pair of flexures installed in the hot end of the
N•-IjiE~ngine L displacer. These flexures were deflected from the
relaxed popsition 0.080 in...upward aid 0. 108 in. downward during life
test operation of the NHLI engine. The STEP/Z flexure is identical
except for a material thickness'of 0. 004 in. instead of 0.005 in.
(used in E ni ine` 5 because of stock availability). The STEPZ flexure
is deflected 0.090 in.1 upward only, to utilize existing tooling and
simplify' displacer hot end machining. Use of thinner stock reduces
stress conce ntrations in the flexure to saCe levels.

* 2. 3. 1.3 Displa'cer Drive Mechanism (Figure 2-22)

The purpose of the (Hisplacer d rive mechanismrn is to provide sta rtup
and operation of the displacer at 3600 rpm against the forces of
bearing and rod seal friction, itie rtia , and windage. Sea! frliction
is aboit 6o watts aixl bearing friction 2 watts, based on manufacturers'
S pee ifi catin nsfor the seal drag and baring loads encountered in
111norin11a operation. The windage of 29 wx:tts was cletermined directly
from the fon iputer simulation. The total displacer d(r ive power dis -
sipation is', therefore 37 watts' under nominal operating conditions.
Of this, nominally 31 watts are supplied by pne-umatic drive power
and ,) watts by the drive motor. At off-optimnum operating conditions,
'friction power varies directly \ith operating frequency, and windage

,aries with frequency squa red. Drive power is proportional to output

power and is only appreciable neartresonance. The maximum load on
the drive motor, therefore, occurs during. startup, shortly before the
resonant frequency is reached, and arnoutits to about 30 watts. The
drive syste-nm is shown in Figure 2-26. In surnmary, the electric drive
*rotor is inclue(:d in the proof-of-prhnciple system to (I1) provide start-
ing aind t!riin ing. torque, (2) ict as a reugit-afor to maintain constant
speed, ard (3) pe' rnmit inv(cstigations at off-design conditions..

ThE.h:,;,si,' link;,vi svstvn is a :.conventional ovc' haitging c'rank pin di Iv-
in ., a connecting. rod. " h" connrc t.imnz, rotl r cil rocates tihl drivw shaft
whVh-h k in,. mm;,tic,- alv octs as the cr osshi ;id in a1i i'ol ii, llliollai svstoenl.
Thl. ,Iriv, IMchiOaniillt is si,.ect to withstailnld !1 stikrl nI1 ;nd stcad\ .stlate

t ratiiun lo,. (Is ,s) Ilctt r'liii ned iv tilt, st a l. si llikilation dh(scrihed in
",!.cU on .2. 1.. l6hearings have a 9015, probalbililty of surviving*
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10,000 ho .. s o peration at or below the resonant frequency.
-rs ' show s the steady state loads obtained from the computer

"I inulation Iase on a maximum operating pressure of 2710 psia, a
rec ipt ocating mas of 0. 025 slug, and an engine speed of 36 rpm.
T: ' ho fily\heel i .Sie( to allow a maximum cyclic angular velocity

-ponding 12.4 rpr resu -thg f'i instantaneous
-unballance f d rVi C ndenergy absorption force:s.

-. he c-ank pin n1( ma in c.rankha ft beari:mg, ;ire prelubricated
pecis0ion'ball bearings. The wrist pin is a hardened 0. 164-in.

* diam ete r pi-n operating in- an alulminum bronze bushing. The support-a I 'bearings for the driveShaft are of sintered iipregnated bearingx ieishnntar ofsinere oi itarn.. bronze. 'Tho critical bearing is at the crank pin and has an estimated
. life Of 18',:;00 houmrs b'ased on data furnished by the supplier.. Although

the load's for this ongine-are significantly h:igher, resulting in more
rug.edg me file rs and large r beating's, the basic approach is identicalto the N11.1'Engine 5 Xk¢hich operated continuously for more than
_50001 hours xithoutl degradation in performance.
The drive shaft seal separrt es the engine cylinder working gas, which

fluctuates in p'res.sure, fromn the drive chamnber at constant pressure.
This seal 'must have 1w friction and minimum leakage across a pres-

* sure difference of several hundred psi. The high pre ssure difference
eliminates fro'm consideration the lowjriction hermetic-seal provided
by, a convoluted I metal bellows. A labyrinth seal also had excessiveleakage at design conditions. .d6wever?\ two seals proposed by the
'piston ring and 's~al department. of Kboppers Company, Baltimore, Md.were investigated and arc Satisfactory for this application.

1The Koppers seal ;chosen (Figure 2-28) is a 0.250 ID x .0. 390' in. 01)
:split piston rin, of glass-filled Teflon with an 0.062 in. wall, split:outer stainle-ss steel conmpression ring to apply pressure for initial
Ssealing. The split inner ring has a lapped joint to nininitize leakage.$ "h' frictioinal drag of the seal is al)ollt i. 0 lb, and leakage is, calcu-
)lateCd as 0. 01.3 cu in. over one -half of an engine cycle, both of which
are satisfactorv values.

A hysteres;:; svnchronous moto r has been selected for use with. the dis -
• placer drive. echanism. 'The motor is inside the pres-surized drive"housing and provides added inertia to promote stability. This motor
has the advantage of speed/torque independence and avoids the brush/
Scommutator a ssemblfy. An appropriate sign!al gene ramT, tnd power
amplifier will power this motor which is capable of d(..li..' "ing it6 'watts,
or about a factor of two higher than th,- expected transient startup
va hle s.

A dc tmnot',)" was fo.jl-c tt'o for this applicat1 ion) boc C ktSo tilte Ii'atillfactu met rcotld not. gi u r•'tcit per1.r'V'imint 1 ;111d lift( of tilth r ht ltlor

•sy4s.tem-is. ill a high-prtssmrt, helimll at nicsphv-t'.. Ain inductiom ilmotorlr
was r. i''t4(- I)ettcattsc of tinet- rta inttitS if) thI( el(:,'trotullic Speed 'ollti'ol
reCtltl i rf.* it nlt- i h V rif] mit .rvfolm. Cllt ra of tir' ST, N-F1-/. ''gill, me.
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Fure2.28. DriveShaft Seal

. 2. 3.. 1.4 .Thermal Insulation Housing

The instulation .housingisa 4.62-in. dia. aluminum. can which attaches

to• thei4upper flange ft he:; cooler .-block.-:, This:fliange also serves as
a .feedthrough plate ,foi electric, power• a•nd instrumentation leads.

. The in's uia ting me•"a•teil M4S-Mi i-Ký 200 mTachinedtinto segments to
accommodate -ir reýg u. rities' in'-he e xte rnal 's.urfa~ces of. th.e cylinder"arid .thepower and instrur'entatio• e ads:. The insulation housing is

slipped over the ins'uatio:n5blocks 'atter these a~re set in place. The[,1 insulation heat leak. is about:Z0 w.

2.3. 2 Coupler (Figure 2-29)

The coupler function in the proof-of-principle, generator is provided
byi a mmerc I urv inertiaý columni contained by a mektal: tube with diffusers
at'each end. Corrug-atet., :metal ldiaiphragms i separat•eAthe. mercury.
fom the elium in the e'ngine. and fromthe oildri the generator-system.
"Mercury fill and trim valve s are pided% at eah en'd of the coupler

along with ove'rpressure relief accumulators..:The coupler is designed
as a unit so that it can be removed ,for filling6r servicing.; . Weighgt
minimization was not a goal for this proof-of-pr1inciple design.
Me rc iry.was selected' as the couplerifluid primarilyb-ecause of its

high clensit'y and lowk -compre ss ibility.. ̀ High density mriinimizes the
V: ,. size of' the inertia column; low c mpresSibility minimizes, lost motion.
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Figure 2-29. Coupler Assembly
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The coupler housing is made of ý30 0-series austenitic stainless steel.
The 10. 5-in. long, coupler tube is standard 0.5-in. ID tubing with a
0. 188-in. wa1l thickness. Hoop stresses are approximately 4000 psi
at hydraulic pressures of 3000 psi. A 5.6-in. lonrg diffuser with a
'7. -degree half-angle is provided at each end of the coupler tube to
ijniminze flow losses. End flanges \vith1'e-hht.-3t75-in. diameter

"i-hih s tre ngth bo16s prestressed to 38, 000 psi provide attachment to the
Sdiaphragm support structure at each end. The mercury inventory in the
coupler is !1. 5 cu in.

* Both corrugated diaphragms are 0.0015-in. thick AM 350 stainless stecl
"- hese haVe eight. cnvxolutions with a peak-to-peak height of 0. 024 in. and
a pitch of 0. 15 in. The diaphrag-s are capable of operating through a
swept volume +0. 2 cu in. from the' central unstressed position to theirextreme deflected position with a maxinmUmtangential stress of 31,000
[ psi. Th(e', desiLgn point swept ,olume totals. 0.21 cu in.', or about one-
half the allowable' value.

Each diaphragm has a 7075-T6 aluminum ba'ckup plate tolimit its travel..
At the engine/coupler interface, the backup plate is on the gas side of
the diaphragm. Gas must be distributed -over the surface of the dia-
phra im while. ninimizing Rzas:dead volume; IEight radial channels a re
provided behin'd the backup plate, each connected to eight 0.015-in.
dia metr role'swhich vent gas to the diaphran. The diaphragn jis
!capale.of suppboting a' 160,psi pressure'.tifferential-across this hole
area with a maximum of.20, 000-psi flexural stress when bottomed
against~the backup plate. The, total dead ga's volume between the dia-

*"phragm- and the'engine cold plate .is 0. 04 cu in..; the pressure drop in
the nianifolding is 8 psi. The:-pposition of the diaphragm is sensed by
a proximity transducer which has a maximum linear range of 0. 13 in.
compared to the limitin diaphragm midpoint deflection of 0. 142 in.
and the nominal design ieflectionof 0.0 t5 in.

At the load/couple r interface, the backup plate is on the oil.side of
the diaphragm. The vent holes and radial'channels are larger than
vat 'the engine/coupler interface because entrained fluid volume is
unimportant, and pressure drops would otherwise be to ohigh.

, .To protect the diaphragms from overpressurization when against the
- backup plates, an overpressure relief accumulator is provided at each

end of the mT'e rcury column. These are piston-type accumulator.s with
the pistons springs loaded to accept fluid at a preset value to prevent

,-damage to the diaphragnm. Fill, bleed, and trim valves are located
at each end of the coupler for charging and providing the proper

Sa mount of nje'rcurv.

2. 3.3 Generator Simulator

:The function of this component in the proof-of-principle device is pro-
vi'ded by a hydraulic circuit designed to simulate characteristics of a
piezoelectric generator. Primary elements of the load system as
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designed but not fabricated under the present contract are (1) inlet and
outlet power check valves, (2) a liquid compliance chamber, (3) a low
pressure reservoir, (4) a hig'h-pressure accumula~tor, and (5) an
adjustable main l6a d valve (Figure 1-3). I-n addi~'n, appropriate
: s iit-ff valves zLre'p-ovided. The load system will be breadboarded
using standard c omponents wherever possible.

Power valves are standard poppet type check valves. The pressure
drop across each valve 'at maximum flow is 15 psi; total flow loss for
both7 valves ir l,% of generator power output.

T.he accumulator and reservoir are, standard 10 cu in. bladder-type
:aclimitulators. 'Cyclic pressure variation.with a 10 cu in. gas volunme! ,is limited to.2%.

Design flow thr6ugh the primary load Valve is approximately 6 cu in. /
sec,. corresponding to a power dissipation of;500 w. A 0.25-in. needle
valve with a maximum flow capacity of 27 cuin. per sec has been
selected. The outlet tine from the valve passes through a water-cooled
heat exchanger to remove heat gene r~ted by thet power dissipation (flow
loss) in the valve. All components will be conriected with 0. 5-in. dia-
meter lines to minimize flow losses elsewhere ýin the: setup.

2.4 PIEZOELECTRIC,GENERATOR-LIFE TESTS

This section describes the Phase .II effort wh'ich consisted of life testing
four 'piezoelectric generator stacks ,!under varied environmental condi-
tions. Test results from a fifth stack, independently developed as a-prototype unit betweezi Phase I and Phase 11, .are aso included. Widely

divergent opinions O'fpiezoelectric rnaterials'.experts. and'the absence
of published tdst data conce rning long t-re rm. stability of apiezo lectr.ic.

generator operating at high stress levels made life testing a key element
in establishing feasibility of the STEPZ concept.. The Phase II effort
was accordingly directed toward accumulation of. such test:data for up'
if' to 2000 hours. The life test fixtures and associated hardwareare dis-

p cussed, followed,-by a-description of the techniques utilized in processing
the 0.. 040 -in. thick by'S..50-in. diameter HDT-31 (PZT-4 equivalent)
piezoelectric discs and interleaving copper contacts. Test results in-
clude both the parametric tests performed on the TOMTS system and actual
life tests.

2.4. 1 Life Test .pproach

2. 4. 1. 1 Evaluation of Alternate Concepts

Three baFcsic approac:hcs for executing the desired long-term testing
weore, independently evaluated in the interim between the conclusion
of; Phase I and the initiation of Phase II. These included an electro-
"hydrauilic systm,,n- such as used for the Phase I generator tests by D W1)L,
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variations of a mechanical actuation device, and using a piezoelectric
motor or driver stack to stress a similar generator stack. A fourth
approach utilizing a Mechanically driven rotary hydraulic valve as used
by Physics Inter'national and described in Appendix A was not seriously
considered. Drawbacks with the latter approach w-re undesirable
pdts.thig stress appica, tion- to the piezoelectric stack, high friction in
the rotary valve.with attendant heat generation and high pressure start-
up problems, systemleaks, and excessive but undetermined seal
"friction on the stack driver piston. While none of these appeared in-
surmountable, the required engineering design effort and questionable
likelihood of success Led to the decision not to evaluate this approach.

Two possible appr~oaches Utilizing the electrohydraulic loading technique
used in Phase I were seriously. conisidered. High costs together with
basic limitations on the number of stacks which could be tested and
the attainable operating temperatures led toabandornment of this approach.

The m chanical-actuationdevice w-hich was carried through layrout
design utilized an osci llating leVer actuatedby';an electric~motor driven
cam. Bo-h ne~edle bearings, and tension flexures were considered for
the fulcrum support-of the driving lever, and alternatives for compres-
sion loading- of the piezoelectric stack were a.spherical-ended pushrod
and a corpression flexure. Factors:,which infiuenced the decision not,
to pursuethis ap-proa~ch were (I) theý re atively.high cost, to:complete

* the detail design and fabricate four test units (2) the' requirement foir
t. regular maintenance and compensation for wea.r associated with some
-elements,.:and(3) the difficulties :associated:with ensuring that the

* .. ! piezoelectric stack is stressed axiallywith no lateral compo0ents of
"applied force.

Within the constraints of the 'Phase II program, the only practical
approach for long-term stressing of piezoelectric generator stacks
appeared to be with a similar coaxial piezoe.le.ctric driver stack con-
strained by a rigid load frame. This approach was considered during
Phase I, but reje'cted on the basis that the driver .stack must have a
much larger volume than the generator stack. This can, however, be
used to advantage where a small generator stack is acceptable. The
driver stack experiences the same stress cycle as the generator, :but
is subjected to some'what higher electric fields and, therefore, more
stringent operating cConditions. Conservatively, such a driver-genera-
tor stack which survives a given life test has demonstrated survival
of a generator stacklthe size of the full stack.

A crude mockup of a piezoelectric driver-generator stack was estab-
lished by stacking 24 piezoelectric discs 0. 5-in. diameter by 0. 1 -in.
thick with a load c-:li and proximitor in a 12-ton hydraulic press. Up
to 2.15 volts ac was applied to 12 or 23 discs in parallel, under, various
preloads, with v'-oltage output measured for the remaining discs. Sub-
stantial displacements but very iow forces and generated voltages were
rt measured. These results were attributed to compliance in the load
cell and frame nmembers,, which was corroborated by analysis of com-
ponent compliances. This experiment established the necessity of a
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very-rigid load frame with no high-compliance e'e-nhents in the system.

Such a load frame was designed and fabricated as an IRAD prototype
to verify performance prior to initiation of the Phase II effolt.

Figures 2-30 and 2-31 show the prototype test fixture, both disassembled
and assembled. Components include a Kistler iI,v.el 901A low compli-
.a~n--''eload cell for measuring instantaneous stack stress, a fixed-position
reference, pla'te, the short generator stack, a holder for two Bently
Nevada Model 3Z4L6 proxinitor position sensors which measure gen-
erator, stack displacement with respect to the position reference plate,
and the oelectic driver stack enclosed by a slotted Pyrex sleeve.
The quartz load cell operates, on- the piezoelectric principle, which is
the only available type with sufficientl-y small compliance. The dis-
"advantage with using this type of load cell is that output is not referenced
to anlabsolute base, and therefore, long-term drift must be accommo-
dated by periodically reducing the preload to zero to provide a tempo-.
rary known reference point.

2:. 4. 1.2 Independent Compliance :Reduction Efforts

H-igh compliance that.is not dissipative is not a significant problem for
a piezoelectric generator and may even be beneficial in reducing the
required swept volume transformation between engine and generator.
When using *the ,s~tack as a driver, however, excess compliance results

in more displacement swing with less stress fluctuations developed.
Substantial independent compliance reduction e:fforts between Phase: I
and Phase 11 met with only limited success, and.Phase II was initiated
on the basis of accepting reduced stress fluctuiation, but maintaining
planned peak stresses.

First assembly of the. IRAD prototype stack gave results which still
indicated substantial compliance, and high-voltage dc excitation was
applied to the stack,. Electroni'c dial indicators capable of measuring
in microinches were used to measure relative displacement at various

Slocations. These measurements showed that structural members
exhibited compliances very close to the predicted values, and that excess
compliance (or low compressive nmodulu-s) was restricted to the stack
itself,

A series of stress-strain measurements was made for a variety of stack
assembly procedures including brass and copper electrical contacts with

Svarying dleorees of hardness, Best results were obtained using indium
Ssolder which was melted while maintaining axial compression on the

stack. Practical problems included voids in the interfaces and indiunm
squeezed out on the sides. The most reasonable compromise was
judged to be the use of fully annealed copper contacts with no bonding
agent. . This technique produced modulii of around 3. 3 x 106 psi coy-
pa red with 5. 3 x I b psi for the indium ,bonded stacks and 9.4 x 100
psi for the irdeal pie.zoelectric material for the short-circuited condi-
tion, and slightly Ii h han this for practical operating conditions.
"-it increas.s to 18.4 x 10 psi under open-circuit conditions. A modulus
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of at least 7 x 106 psi under normal operation would have been required
to achieve a full 1000 to 9000 psi stress swing with the i5 volts/mil
excitation voltage used for life testing.

.T-4.1 .3 Test Fixture Assemblies

The life test fixtures consist of a rigid load frame which en:loses the
piezoelectric stack 'with a'means for applying uniform torque-free axial
preload to the' stack., Other elements mechanically in series with the
stac'k include a quartz load cell, centering pins, and two proximitors
which measure axial displacement across the generator stack. These
elements for the IRAD prototype load frame (Figure 2-3(-) And included
ina typical contract assembly (Figure 2-32). The IRAD prototype load
frame was engineered during the interimrn between Phas(c I and Phase II,
and was modified sfightly during Phase II to incorporatc! improvements
based on initial operating experience. The, primary change was an
increase in the loa:d frame opening for better assembly accessibility
With only a slight increase in compliance. A single large diameter
thread was also used for the preload adjusting scrt:w to simplify fabri-
cation and assembly and reduce galling.

Assembly of the life test fixtures is indicated in Figure 2-33. The
lower jam nut retains theý locating pl•g which is held concentric with
the load .frame on:'its outer diameter and locks the. bottom load pad into

"position with' a. pin. the load pad is followed by a 0. 005-in. thick mica
disc for electrical isolation, a fully annealed ETP copper compliance
} pad, and the piezoelectric driver stack consisting of seventy 0. 5 in.
diameter by 0.040-in. thick HlDT-31 (PZT-4 equivalent) discs with
inter~leaved coppercontacts 0.002 in. thick. The assembly continues
with a compliance pad, mica disc load pad, and proxin'itor mointing
plate' which uses a locating pin to mate with adjacent load pads.
This is followed by a sirnilar stacl. buildup for the 10-disc gentrator
section. The assembly is topped with the proximitor referenc Ž plate,
load cell, space,-, and torque isolation yoke, which are all located
by the preload adjusting screw. The arms of the torque isolation
yoke fit closely into grooves in the load frame, which enables the pre-
load to be varied without applying rotational components to the stack.
Precision bore slotted Pyrex tubes .vere used to.rmaintain stack concen-
tricity during assembly, and then broken away on a previously scribed
mark after establishing the preload., This tube also locates up to the
la] pad on each end of the stack; which is' in turn located by the central
pin. A typical contract stack is shown in tigure 2-34 after mechanical
assembly, but prior to cornpleti-ng electrical and instrumentation con.-
nections. The Pyrex alignment tube sections are still in place, and the

cine.i;e can be seen on both sides- of the copper contact terminals.

The fully annealed copper contacts, and especially the compliance pads,
serve to contpensate for surface irregularities and any tilting that does
occur in the final assembly. These pads yield at about 9000 psi coit,-

)pressive stress,r and generally conform well to nonuniform loading
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where the localized stresses can reach higher levels than the initial
average preload of 12, 000 psi used to seal in the stacks. This preload
significantly reduces as stack elements relax and is repeated, several
times during initial assembly until yielding essentially stops, as
indicated by. load cel1 stress remaining high for several minutes. O'ice-
this condition is achieved, the preload is never full relaxed until the
higla-dielectric strength potting compound is hai-dewd in place to
effectively maintain all relative locations, with or without preload.
The encapsulating technique is described more fully below in
Section Z2 4.2Z. 2.

2.4. 1. 4 Driver Stack Power Supply and Protection Circuit

The best means for achieving a large voltage swing on the piezoelectric
driver circuit is to allow the supply voltage to swing partly negative.
This reduces the highest absolute potential experienced by the stack.
Based on vendor 'recommendations. (Reference 5), a negative swing of
10 volts/mil Dr 400 volts is acceptable before depolarization is initiated.
The 55 volts/mil or 2200 v0lt peak-to-peak power supply (Figure 2-35),
was therefore normally operated with a 700 volt dc bias and an 1100
volt a c amplitude to produce voltag-e swings from -400 to +1800 volts.
Two such circuits were used: one was designed to handle three stacks
in parallel,'.while the. other drives two stacks in parallel. Ac line
power is applied through a -variable autotransformer to the primary
of fa 30'to 1 step-up transformer. Because the dc power supply does
riot pass revers-, current, a low impedance ac shunt is provided by theShigh-voltagre 1. 6 ýif capacitor.

The 70 disc piezoelectric driver stacks are connected as seven 10-disc
segments, each of which is represented by a capacitance Cs. Any

segment can be easily removed from the circuit in case of individual
failure. Protection against high current surges from complete voltage
breakdown across a disc is provided by resistors R The value of
R -is 125K for. the 10-disc segments of the contracE stacks and 75K
for the 20-disc segments of the IRAD driver stack. The variable re-
sistor was included in only one power supply circuit which used a step-
change dc power supply to limit voltage buildup rates across C5 during
dc supply changes. The resistance was decreased to zero before ap-
plying ac excitation 'so. that 'essentially the entire dc voltage drop appears
across Cs. The two power supply and protection circuit modules (not
including the dc supply) are shown respectively in Figures 2-36 and 2-3.7.

2.4. 1. 5 Generator Stack Electrical Load and Instrumentation System

A piezoelectric generator may be schematically rep'resented by a volt-
age source in scries with an internal resistance and capacitance. For
both the parametric tests and life tests generator output was 'applied
to a resistance load with a series inductance used to compensate for
generator capacitance by resonantly tuning the circuit (Figure 2-38).
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Generator-output is determined as V1 
2 /RL where VL is the voltage

measured across the load resistance RL. Maxinliui power to the load
is-achieved when the load resistance RL is-equar1ý the generator stack
internal resistance R.. As with any generator, this is an undesirable
operating condition because half the generated power is dissipated in
heating the generator, and a maximum of 50o efficiency can be achieved
(if mechanical stack losses are negligible). To achieve a reasonable
compromise in'the tradeoff between power output and efficiency, load
resistances of 120K (three times the value for maximum power trans-
fer) were used for the contract life test stacks. The smnaller-diameter

IRAD generator stack had a maximum power load of 200K, and 540-K
resistors were used during the lif;e tests.

Optimum inductance (to give maximum power transfer with the aperat-
ing load resistance) for the contract stacks ranged from 115 to 135
henries during the parametric tests, but was measured at 175 henries
for the actual operating conditions of the life tests. An optimum value
of 840 henries was experimentally determined for the smaller diameter
IRAD generator stack.
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Figure 2.35. Driver Stack Power Supply and Protection Circuit
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Figure 2436., Top of One Powei Supply and Protection Circuit Module
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Figure 2-38. Typical Generator Stack Electrical Load

Instrumentation to' monitor stack performance included Tektronix Model
P6013 lO00x attenuator probe with a 100 megohm input impedance used

* in conjunction with a Tektronix Model 545A oscilloscope to measure
voltage applied to the driver stack and output at the terminals of the
generator stack. This not only reduced the; measured voltages to
manageable levels, but was the only device available with sufficiently
Shigh input impedance to avoid loading the circuits being monitored.

The load voltage across RL only was measured with a Ballantine Model
355 digital voltmc-ter.

Output from the Kistler Model 901A quartz load cell mechanically in
series with the stack was fed through a Kistler Model 566 or 504D
(depending on the stack) charge amplifier into another Ballantine Model
355 digital voltmeter. Output is directly proportional to axial force
and therefore also to stack stress.

The strain for each generator stack was measured with tw3 Bently-
Nevada proximitor probes connected to Model 3601 proximitors.
Physical relationships between the proximitor probes and mental ref-
erence surfaces are shown in Figure 2-33. The proximitors we, e
calibrated prior to assembly using a Pratt and Whitney Model G-2100
Superrnicrormeter.
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-Cw:[ic work input was determined by connecting the proximitor and
cha rgt ahkplifier outputs respectively to the' x- and y-axes of a
"IT. kt ronix Model RM 03 x-y oscilloscope. This prodticed a force-
displacement diagram for the generator stack .&hich was recorded
photographically and the enclosed area was later Aetermined to quantify
rmrch-anical input to -the generator stack The •t~asurerd electrical
output divided by this mechanical input produces an efficiency rneasure-
n-w nt for the 'generator stack.

"Ihe life test equipment and instrumentation are shown in Figures 2-39
to 1--41. Figure 2 -,' includes the right side of the test facility including
the low temperature stacks ins idO the freezer, dual beam oscilloscope,
IbiAO) test fixture on the benchtop, Kepco Model 1250B dc power supply,
and one power supply and protection circuit system. The left side of
the' laboratory (Figu re 2-40) includes the Fluke Model 412B dc power
supply on top of the Iej0 -F oven, two digital voltmeters on the x-y
oscilloscope, and' both power supply and protection circuit systems.
Figure 2-41 shovs she oven interior with the hiigh-temperature stack.

3333
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Figure 2-39. Life Test Laboratory Showing Freezer and IRAD Stacks
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2. 4. 2 Piezoelectric, Disc and Contact Processing

Elaborate cleaning and processing was used for 'the piezoelectric discs
and copper contacts for the lie test. assemblies.1 This action was based
on._..su.ts reported by Physics International-4R-efetk-"-nce 7) for their
piezoelectric motor driven artificial heart system and on earlier fail-ures experienced by DWDL. The primary objective of the procedures
i s to eliminate contaminants and sharp points which may initiate electric
discharges, hat produce carbon t.racks and eventually'lead to complete
breakdown, Another secondary effect of foreign particles between* discs and contacts or of hard, non--annealed copper contacts is to in-
crease system compliance which reduces the potential stress swings

An example of catastrophic piezoelectric disc faiture is shown in
Ficure 2-42. Fused ceramic and carbon deposits are visible wherethe encapsulant has been renioverd. This failure occurred in a stack
with the same size and t'ype of discs as used for,,the life test assemblies.

t wvas,; however, received from the supplier as a bonded assembly,
then cleaned and potted with the silastic used as the secondary encap-
sulant for the life test stac.ks. The stack was operated under no load
for about 20 hours at peak-to-peak voltage swings up to 2000 v. In-ductance was used in the driver cir cit which stored sufficient energy
to cause even the ceramnic to meltt in the discharge area. A similarbreakdown occurred in the first assembly of the' IRAD prototype stack.

Figure 2-42. Catastrophic F30ii~e of Bonded and Potted Test Stack
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These components had been thoroughly cleaned and deg-reased, assembled
in a laminar flow ben~ch, and the assembly operated 'submerged in high-
die1ectric transformer oil. ,This unit operated only on an intermittent
basis V ith nu' x,_-ous miwor audible discharges culminating in cata-
str;ophic failure when voltage swings reached 1500 volts peak-to-peak.
Failure was, attributed to foreign particles from the oil, because some
"such particles were removed from adjacent parts OAhe stack prior to
Sfina-fail~ure.. 'Impro~me'nt was obviously needed to achieve a 2000-
hour life test with peak-to-peak voltages of 2200 volts or 55 volts per

rmil.

2. 4. 2.1 Processing and Assembly of Life Test Stacks

The processing procedure actually used for the life test stacks was an
extensively'modified version of that developed by Physics International
(Reference 7). Many'steps developed at DWDLifor processing of ther-
mionic diode components were incorporated. This procedure was first
applied to the third assembly of the IRAD prototype stack for proof
testing, although schedule committments required completion of the
contract disc and contact processing prior to acitual operation of the
IRAD stack. This procedure represents extreme precaution to provide
maximum confidence in successful life testing. It is likely that con-
sicderably simpler procedures would prove satisfactory. The sequence
for the piezoelectric discs is summarized as follows.

I.. Discs are stacked and clamped with flat surfaces together for
surface protection, sandblasted on the edges with 20-micron
aluminumn-oxide grit, and flushed with tap wkater. This removes
metalizing left from electric contact deposition and other con-
taminants from the edges.

2. Warm water and Alconox wash in ultrasonic cleaner with solu-
tion bein, recircUlated and filtered (15 minutes).

3. Continuous flow flushing rinse with tap water in ultrasonic
cleaner (30 minutes).

4. l)istilled water rinse in ultrasonic cleaner with water being
recirctulated and filtered (15 minut' ). Figure 2-4.3 shows
some of the discs at this stage of processing. The black marks
on the discs indiiate pola ity.

- T T[richloroI r thylehne rinse in ultrasonic cleaner (10 minutes).

6. Re.,agent alcohol rinse in ultras(onic cleaner with fluid being
recirculated and filtered ( 15 nminutes'.

7, V.ren rinsc in ilt rasonic cleaner with fluid bein, recirculated

and filterd (1v, minutes).
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Figure 2-43. Piezoelectric Discsin U sicClner

8. Vapor degrease with trichloroethylene (1 hour).

9. Freon rinse in ult'rasonic clteaner with fluid being recirculated

and filtered (15 minutes). Repeat with fresh fluid (15 minutes).

10. Vacuum bake at'l 50•F with discs shorted (overnight).

11. Recheck p6larity as required byloss of identifying marks
during processing.

12. Store in cllean Petri dishes until assembly. Examples of this
for both discs and completed copper contacts are shown in
Figure 2-44.

Preparation of G'. 002-in thick copper contacts is directed toward mini-
mi'in.g both electrical breakdown probability and stack compliance.
The copper contacts are put through the following operations.

"L. FUreon rinse in ultrasonic cleaner wi'th fluid being revcir,'ru aed
and filtered (15 minutes).

2. Discs are rolled flat on granite surface plate.

3. Deburr in kitchen cleanser and water slurry using ultrasonic
cleaner with mixture be ing re, circulatled (I; hours).
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5 Flus with • distille..water, regct rae lcho, ndFro

1 7

4. Continuous RMushing rinse with tap water in ultrasonic cleaner
c(45 minute s).

5. Flush w ith' ditle ,ater, reagent grade alcohol, and Freon

(as rie quwi re d).

6. Rinse with Freon in ultrasonic cleaner with fluid being recir-
!iculated and filtered (Z hou rs).

i"7. Rinse with reagent alcohol (as required).

i•8. Rinse wi th Freon in ultrasonic cleaner with fluid being recir-

culated and filtered (15 minutes).

)9. Rinse with reagent alcohol and ethyl alcohol (as required).

10. Outgas with mechanical vacuum pump and liquid nitrogen cold
tap (overnight).

11. Anneal in 10-6 tortr vacuum at 700'(C m linutes). Conta ct"
are shown in the vacuum furnace just p. got to an1ealing inV Figure 2-45,

12. Solder contact tabs tog.ether in groups of five.
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Figure 2.45. Coppe, j - ts in Vacuum.Annealing Furnace

13. Remove residual acid flux with boiling distilled water, assisted
by'a camel hair brush, while clamped in assembly fixture.

14. Flush'with distilled water, alcohol, and Freon (as required).

15. Remove from assembly fixture and store in Petri dish until
final assembly.

The piezoelectric stacks are assembled electrically i,• parallel by placing
discs on edge with:alternating polarity and interleaving the copper con-
tact subassemblies to form seven 10-disc segrments. Initial buildup
is accomplished in a semicylindrical section of precision-bore Pyrex
tubirna. The 10-disc generater starck or 70-;disc driver stack is then
transferred to a slotted Pyrex-tube handling fixture which encloses
about two-thirds of the stack circumference by placing the Pyrex sec-
tions end to end in a steel vee-block and sliding the stack as~sembly
frorl one to the other (.i'iure 2-46). The coppe,- contact tabs for all
seven sections of one pollarity have been soldered together; the sections
on "he other side are independenti.y connected to the power supply and
,'irc:iiit protection equiprm'fnt.

A lose.r view of the reverse Fside of the stack through the glass sleeve
is -Ihowvn in F"icoere 2-47. Surface irregularities in the disc edges and

wIi t, isaliKtnriit, ; ;. rle visible. In two or threc, cases, copper con-
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Figure 2-46.: Stack Assembly in" Pý,rix Sleeve and Vee-Block

p

. ....

Figure 2-47. Stack Through Pyrex Sleeve
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2. 4. 2. 2 Dielectric Environment for Life TestSt-acks

It is 'imperative that a high dielectric strength environment be provided
around the stack, because vltage gradients are much higher than, those
needed to ionize airand initiate an electrical 'discharge. Oil is typi-F cally-used for this type of application, and ,was fsed by DWDL for early
work, including the first assembly for operational testing of the IRAD
prototype stack. Problems associated with using oil in the present
application include the following.

I 1. High dielectric oils are typically somewhat hygroscopic, and
*"probably accumulate an unacceptable amount of moisture over
a 2000-hour open atm'osbhere test.'

2. Tools used for preload adjustments during data taking, and
other aspects of practical-operation, make contamination of

Soil w ith foreign m atter difficult to avoid.

3. Most importantly, use'of the piezoelectric load cells requires
V reducing stack preload to zero, for an absolute reference[ point each tine data are taken. Stack slippage is possible

where it is not externally held in place.

These considerations led to an attempt to find an inert high-dielectric-
strength potting compoIund.with sufficient flexibility to accommodate

R stack vibrations and rigid enough to maintain relative positions of com-
ponents withor without the preload screw in place. The basic encap-.

Ssulant selected was-.Dow. Corning Sylgard 184 with a dielectric strength
of 500 volts/mil. Encapsulation of a test stack, however, resulted in
a poor bond between the stack and Sylgard. Accordingly, a 5- to 10-
mril thick layer of Dow Corning QR-4-3117 circuit board coAting with
a dielectric strength of 2000 volts/mil and excellent adherence to copper
and ceramic was used as the primary encapsulant with Sylgard 184
applied for final encapsulation. This combination of encapsulants tested
with Smooth:metal spheres exhibited no breakdown when 20, 000 volts
were applied with a 10-mil separation. Some microscopic bubbles
were observed in the primary encapsulant applied to the stacks. Tri-
proved potting techniques reduced the problem with later stacks, but
it is possible. that some of the observed breakdowns in driver segments
might have resulted from a series of such bubbles. Results of this
encapsulating approach have been basically good and definitely superior
to oil.

2,4. 3 Parametric Tests

The primary p)urpose of the pazranilr-ic testin- was to (stablish base-
line generator stack performance characteristics and optinlum load
values for one standard and one optically lapped stack using equipnment
with known and controllable stress application. These objectives were
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the Jtt'Atlodftm, ii*hthgw i't lfly &ievd the dvos retl'effect. In this in, s-tance however, the re.s-ult w•'an unatcIeptabLe con-

dition where some of the copper. contacts had portions severed off ands , i smeared onto the edge of the -piezoelectric discs. The extent of damage
. s shown in Figure .248. inthe region at one ecd.ge of the Pyrex sleeve
where most problems occurred.

After cons ide ring several rework alternatives,. the damaged stacks
were assembled into the load frames, preloaded to 12, 000 psi, align-

iment sleeves removed, and sandblasted Locally to-remove debris.Subsequent microscopic examination indicated removal of copper rand
substanitial ceramic) f-rom the disc edges, but sonme sand particles
remainec wedged between disc 'interfaces; SUch sharp edges aresources of localized electricl:field concentratijn, but the ultimate di-
electric er'vironmient was expected to be capable of sustaining such
fields without breakdown.

3219,
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Figure 2-48. Damage Caused by Pyrex Sleeve
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-tccomplished on schedule. Oric.nal .ntentions were to repeat the para-.
metric tests on- surviving gencrator stacks following life testing.' Afr-.

technical problems delayed the initiation of life tests, howYever;T,",orple,-
. ion of the final parametric tests would have required preirnatuiýe di'-'
"structive termination of the life tests to meet the schedule. "Thss task

Swas 
accordingly deleted by m u tua ' ac -. cm ent tq,,a cc um ulate m ore tim e

"ih life testing. "

4. 3. 1 Electrohydraiilic t's r

Ehe electrohydraulic materiais ii :. system used for the parametric

tests was leased from Battelle Pactfic Northwest. Laboratories: in

Richiand, Washington. Details ow the test equipment and'.associated
instrumentation are described in Appendix C. The-.test configuration --

used for the parametric tests is shown in Figures 2-49, 2-..0,:and 2-51.

Figure 2-49 shows the Load sVsterr With eiectricailleads £26im the te'st

stack and proximitors leading to the electrical loa:d and instr-umentartion

racks. The test stack in place appears in.Figure Z-51; electric connec-

,ors from the 10-disc generator stack obscure t e-proxirmeters. used for .2

"displacement measurements acrozs the stack. Thýese"e'are moire-clearly-'.
shown in Figure 2-511 showinc the ,ipnosite side of. the test stack.

Figure 2-49 ,3raPtrtc Test Setup



Figure 2-50. Ten-Dti~c (jenf-an 'IF we for Parametric Tests
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2. 42.3. 2 Par~ah.etric Test Results

SAll parametric tests, were run with peak stress levels of 9000 psi, and
were pre:oade,d to achieve minimum stress levels.of 5000t 3000, and

-- 0 i.These varied cOnditios resulte-d -in rlpective stress swings
,o 4000, .6000, and-80060 psi. Load resistances were varied over a
_w ide range and inductancewas varied around the expected optimum,
Highlights of.the test results are'summarized'.n Table 2-5. The data in
Tabie.2- 5 is for operation at the optimum load inductance for each stack
and load resistance~sof 60Kaand 80as noted. This improves efficiency
substantially above the maximum power transfer condition at a load re-
sistanceof 40K. The effects ofya rying load r'.sistance and inductance

~. J .on power density and efficien.cy'f"-orthe different-,stres s swings are shown•i•in~t~re~s Z-3froUgh 57. Effie ie-n'cyof the !optically lapped stac~k was

very .close to 50% in each case where the poweIr output reached a maxi-
mum value, or the load resistance was equal to the internal resistance

:of the stack. The' breadth of the maximum:power peak and amount of
data' prevent an accurate assessment :f exactly where the peak occurs,

:but the efficiency is clearlynot far below 50T,, which shows there are
ol only. small mechanical losses within discs and at interfaces. For the
standard;lapped. stack in Figure 2 -54, peak power occurs for a load
resistance of. 201 t:30K. The efficiency in this range varies from 32"'t,
to 40%. Since the electrical efficiency at this operating point-is 50",
the reduced efficiency is caused by mechanical losses within the stack.

4 •;iTable 2-5

SUMMARY OF PARAMETRIC TEST RESULTS AT 60 HZ WITH
OPTIMUM LOAD INDUCTANCE

(psiP {ps'i) (volts; (11a) STack (psi II n.S L•k St k Ileak, Stress L~oarl Imad "r'ewlp Efrt-t i\.e 1'i,) I ",,\vr
! •2"i• T y p e S t r e s s S wv i n g V o lI ta t, v C u r r e n t ))eI~ o l 11 'su s 1 .f i l . c ~ .i v

'Standar )9000 .10o0 141 1. 7 2 x

I i1 I.a 9000 6000 27;.."w .%0, y ., x 1 ot, 1 .
•: . 1 -3 -l. 9{to s00 273 3.,-1I 0, :.ni ,, 1. 41 N 10"" t .

R SO

Optical ')9 n0 4000 1(6s . Io 1. 0 I9 " 10 5.'
~ap 'MOO, 6O000: 211 t ,,, #.7 x I.

1 13 3 II 900() 8on ) 31. 3.9B '•.2i(,3. -5. I3 x 10" 71 .1

RI, SOK

::::'IdJeaI material tiioduhl s , g, x It)' l,.I* at -lhnrt ('ircuil
Ide I material nmoduilis [1. 14 x 1 0 p; ia 11, 0 (11a • irc uit
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The efficiency range of 32% toL 40"1) means that mechanFcal losses are!
betxween 50, and 112% of the electrical power actuaIly delivered to the
Load. It is these substantial mechanical intcrfa,:e losses which cause
the maximum measured efficiency of 631o in Fioure 2-54 to be near the
asymptotic limit,

2. 4. -4 Life Test I CsuIts

Life test conditions and test results are summarized in this section.

2. 4. 4. 1 Opt rating Conditions

Electric v.xcitation of the life test fixtures was initiated as each assembly
was conmpleteid. Va\rying amounts of time were , pent at relatively low
input voltatgos to provide stack conditioning. Emphasis was on initiating
life tc st litz of all tinits as early as possible, and complete instrumenta-
tion wa " not addetd to all units lintit some had accuniulated several
hund reci houtirs. A brief summary of accumulated tin-ms at various
condlilions is reported for. each stack in Table 2-6.

Normalized powver density and efficiency are plotted for the operational
tinmes of the life test, as appropriate to each stack, in Figures 2-58
through 2-61. Life test hours do not necessarily agree with&total accu-
mulatted hours in Table 2-6, since the life tesL hours were only counted
from the time when full stress was applied to the stack at the specified
environmental condition. No life test plot is shown for stack No. 3
becatuse it was physicallv-damaged prior to installation of full instru-
mentat ion for making efficiency measu renwnts. The normalization
factor used in this data presentation was to divide output powve r density
by the squar(: of the developed stress swing. This accounts for varia-
tions in applied stress swing as a result of different driver voltages or
reducing the nuniber of driven stack segrients wheln short circuits devel-
oped. The quadratic dependence corresponds to the sinmple theory in
Appendix B, and correlates well with nea sureonents over a wide range
of conditions.

Bo'th power density and efficiency of the I R.Al) stack exhibit erratic be-
havior ove r the period from about 000 to 1200 hours inlto the life test
(Figure 2--8,. including s"one efficieOncymeasurements above 100'%. The
actual variations inpowerdensity'over this period are only on lhe orde or of
7 ZI,, although these are som-newhat magnified by the use of an expanded scale.
"The efficiencv variations art, much more svevere, however, and sulggest
a temporary error in instrunmntation calibration or utilization. The
circles and triangles represent c fficiency as nwasurevc by the two prox-
inihtors on both sides of the stack. E.xcept for t'e erratic data, the
correlalion betwee'n the two proximitors was generally good, indicating
very little tipping of the proxinmitor niounting plate or reference plate.
The long-tern? trend in normalized power dhn nsity for the ITADI) stack
shows less than a r. reduction. The efficiency trend was essentially flat.
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Table 2-6

-SYNIMARYO0F LIFE TEST. RESULTS TH-ROUGH{ 7 SEPTEMBER 1973
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Freezer Stacks No. I and. 2 (Figure's 2-59 and 2-61, re-spectively)
again showed quite stable ýpower output, With scatter in the efficiency
data.> The inc'reased power density at about 1000 hours for Stack No. 1
and 800 hours for Stack No. 2 are realieffects associated with de-
creasing the a.mbient temperature'below -25 0 F. The normalized power
density for the lapped stck is abou't 23% greater than that for the
standrgdLstack. Power~density in Figure 2-61 again s-hows about a
3 35%ý' decrease for the standard'oven stack as compared with the standard
freezer stack, verifying the powe-r.density:.trend indicated by subcooling
the freezer stacks. As an additionAl check on temperature sensitivity,
Stack No., 2 was transferred to the oven after 2085 hours in the freezer.
Power density decreased rapidly.for the first few hours of operation at
150-F,' then stabilized. The overall reduction in Dower' density was
about 3 5/% after 340 hours in the oven, although a reduc'Žd stress swing
resulted in only aI10% reduction in nomalized power dens ity. No

electrical breakdown was- observed s:.:bsuStarntiating the theses that the
breakdowns which occur~redduring initial operati~n of Stack No. 4 at

150 0 F were a result of specdific. stack processing problems rather than
a functioA significant trend toward

power~density degradatiori is shown, for.-the oven stack (Figure 2-61)
where the normalized powerl density decreased about 15% in 800 hours,
then remained essentially constant.

The scatter 'of efficiency data (Figures Z-59 and 2-60) for the two
proximitors indicates that,, in. contra'st to the IRAD-stack, considerable
tipping of the mounting plate for the proxinitors or reference screws

was. occurring. Si~m ilar relationships' between the two proximitors on.
each stack were usually maintained, but in some instances the tipping
effect appeared to reverse. - This could have 'been caused by minor
position changes occurring when the preload was reduced for data
collection.: The general efficiency' trends (Figures 2-59 to 2-61) range
from essentially constant to a modest increase in efficiency with accu-
mulated operating lifetime.
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Section 3

CONC LUSIONS

As a result of the testing, analysis, and mechanical design effort
during the contract period, the following conclusions can be derived
with re'spect to the STEPZ concept.

1. Piezoelectric generator life tests demonstrated a power
density of 10 watts/in. 3 with 80";, efficiency at about 7500-
psi stress fluctuation, at which level less than 51" degrada-
tion occurred during 3000 hours of operation at 60 llz.
Successful operation was demonstrated at temperatures
from -55°F to +150'F. , Significantly better performance
was achieved with optically lapped piezoelectric discs than
with standard discs. Extensive processing and clean room
handling of discs was used in the life te'st assemblies, but
the degree of cleanLiness required for successful operation
was not firmly established.

2. Development of a sophisticated dynamic simulation detailingthe STEPZ: system with more realism than previous computer
programs, used.successfully by DWDI, for modeling actual
engines, leads to a high degree of confidence in the analytical
projections. Projected performance is, in general, encour-
aging although the1!highly resonant ope ration makes the sys-
tem sensitive to load changes. A nearly constant net load
Vwill probably be required.

3. Extrapolations of successful hardware approaches to higher
operating pressures and bearing loads involve reliable
engineering design techniques. This provides confidence in
the soundness of the mechanical design of this engine. The
n mercury coupler is straightforward in concept, but does
utilize unique 'eatures. Recent related experience with
cormruigat ed inmetal diaphragms in a conceptually similar system
"has revcaled operational problems which raise questions with
regard to' system safety for the mercury coupler.
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Appendix A

PHYSICS INTERNATIONAL RE!QRT

PIEZOELECTRIC GENERATOR TESTS

ABOUT THIS APPENDIX

.App(ndix A consists of two reports submitted by Physics
International Company to document their efforts on the sub-
[ o',- i i IA) test piezoelectric generator performance. The

.. ., :po rt discusses results and conclusions of the tests
wit• : ,.lectrical circuit analysis of piezoelectric generator

o(p)•,:at ion, The supplementary report provides additional

backgrround i nformat ion, analysis, and a tabulation of test data.

Li. Certain areas of analysis and conclusions are based on pre-

livninarv and incomplete information, but are included here

withotif comment. More extensive testing and analytical

V.velopment has since been performed by DWDL and is reported

in Appendices 3 and Co

t

Preceding page blank
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SUMMARY AND CONCLUSIONS

Two piezoelectric generators (stacks of piezoceramic discs)
were tested by driving them hydraulically up to 12,400 psi com-
pressive stress at fluctuations of 60 Hz. The first generator
consisted of 5 cubic inches of PZT .5-H material, a ferroelec-
trically "soft" ceramic; the second consisted of 0.8 cubic
inches of LTZ-l, a ferroelectricaily "hard" ceramic.

The PZT 5-H generator produced electrical power as pre-
dicted up to stresses of 5000 psi, but the piezoelectric proper-
ties we*re degraded when the stresses ex:cecdcd 5000 psi. The
output at 5000 psi was 6 watts per cubic inch of PZ material.

The LTZ-I generator produced approximatcly 9 watts per
cubic inch at 9700 psi.

Data above 9700 psi was invalid becauq of excessivc fric-
tion in the hydraulic n.

it is concluded that 16 to 20 watts of electrical pow.er .,cr
cubic inch of PZ material can be extracted with greater than 90-
percent efficiency. This estimate is made by a small extrapola-
tion from 9700 psi to 12,000 to 14,,000. psi.

116



SECTION 1

INTRODUCTION

This report covers the experimental work performed to

determine power-density limitations of a piezoelectric power

generator driven hydraulically at low frequency (60 Hz).

The tasks to be performed were:

1. Design and fabricate a hydraulic-system capable of
driving a stack of 100 PZ discs, each 1.25 inch in
diameter bv 0.040 inch thick, with pressure pulses
of 60 pulses/min. at zero to 14,000 psi compres-
sive stress.

2. Build a stack of 100 PZT 5-H1 discs and install
into an existing housing.

3. Test PZT 5-H generator up to 14,000 psi or to its
limiting stress.

4. If PZT 5-H is not satisfa:tory up to the required
stress., test a second material with a higher
stress rating.

1.1 CHOICE OF PZ MATERIALS

Table 1 shows piezoelectric properties for several PZ

materials from various manufa-tirers. The power output for a PZ

qenerator with a pure resistan:-.- load matched for maximum power

transfer is given by

S~2
W = d 3 3 3 3 o Vpz
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-where: W electrical power, watts

W =frequency, radians per second

d = PZ charge coefficient, 1012 c0ul!M2
33 N1M2

g3 3 = PZ voltage coefficient, volts/M

2 etksrs / 2 N0 = compressive stress N/M
A

V volume, of PZ material, M
pz

This; cxpression is derived in the appendix.

In Table 1, the product of d 3 3 i33s i used as a figure of

merit for PZ materials with respect to power output. Note that

PZT 5-11 and LTZ 2-H have the highest output coefficient., How-

ever, stability of the piezoelectric propertios of a material in

the operating environment is al.!;,o imrortant. The Curie t.'mpera-

turo and the coercive field have a bearinq on this stability.

PZ properties become unstable as the temporat.rr' approaches this

Curie ooint. Th&-cocrcive field, Ec, is the electric field

that :ill cause the material to reverse its polarization. Thus

it is more difficult to change the polarization of a material

with a high E_: than one with a low Ec. Vernitron, Inc., recomi-

mendccd a maximum compressive stress (cycled) parallel to the

polar axis for each of its materials. Not(- that the rated

stress for P1MT 5-H is 2500 psi, compared to 12,000 psi for

PZT-4. Note also that the internal losses, aro lower for PZT-4.

ILqS



From Table 1 it can be concluded 'that of tha commercially

available PZ materials, the ferroelectrically "soft" materials

such as PZT 5-H and LTZ 2-! give the highest output at a given

value of stress fluctuation; and the ferroelectrically "hard"
r materials will withstand higher compressive stresses without

their piezoelectric properties being degraded. The hard

materials are also less lossy than the soft materials. Physics

International has fabricated experimental piezoelectric

materials that appear to have high.output, high Curie tempera-

ture, and high-coercive field. These materials have not yet

been fully characterized, but would be worth testing in a

generator.

Power transfer is greater when the capacitive impedance is

balanced by an inductive impedance rather than a pure resistance

load as shown below (referring to Figure 1):

E2•'• = •RL

or, when

2E RL

"the power, W, is maximum when Z is minimum or when Z = Z
c

1.2 EXPERIMENTAL APPARATUS

A schematic of the hydraulic system and PZ generator is

shown in Figure 2. Basically, the PZ generator is alternately
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COl• ected to a hydraulic pressure source and to a vcritv wi theverY half rotation of the rotary valve. 1 - tmw
designed to use on-hand hydraulic components wherever possible.
The rotar- walve, however, was fabricated for the test. A
Vickers axial piston pump with a displacement of 0.065 cubicinches per rQvolution was driven at 3450 rpm to supplyhydraulic pressure. The pressure in the generator was moni-
tored, with a Kistler 607L pressure transducer. Hydraulic fluidwas stored in an accumulator close to the rotary valve to pro-
vide fast pressurization of the generator. The schematic of thegenerator equivalent circuit and the output circuit is shown in
Figure 1. The inductor is used to match the impedance of the
generator's capacitive impedance. Electrical power output wasdetermined by measuring voltage across the load resistors.
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SECTION 2

RESULTS

2.1 PZT 5-II MATERIAL

The data plotted in Figure 3 Rhow the hydraulic power as a

function of compressive-stress fluctuation on the PZT 5-H stack.

The numbers indicate consecutive runs. Power output generally

decreased with each run.

After run 5, tzr• stack was repolarized with 2-kV pulsed dc

at 2 pulses per second. Run 6 shrwed a higher output than run

5, but the output was still lower than run 1. The power reached

30 wa~tts at 6600 psi and then dropped to 26 watts as the stress

fluctuation was raised to 9300 psi. When the stress fluctuation

was reduced to 4400 psi, the power was 13 watts, compared to

20 w;.,tts for the same stress fluctuation at the start of the

run.

The projected curve was obtained by extrapolation from

earlier tests at stresses up to 3500 psi on a similar stack.

4 The powcr output exceeds the projected curve for stress fluctua-

tions up to a stress level of 5000 psi. For stresses above

5000 psi, power dropped below the projected curve. Data taken

after the stack had been driven above 5000 psi showed lower

power output. Power output could be raised by ropolarizing the

stack with dc voltage.

1
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2.-2 LTZ-l -iATERIAL

A second generator was built with 10 discs of LTZ-1 (1.25-

inches in diameter by 0.040 inch thick) , a material with more

resistance to depolarization but with theoretically lower output

at a qiven !;tress.. A 0.125-inch-thick disc of the same material

was placed at each end of the stack to reduce shear stresses

produced b- the Poisson's ratio effect of the vtee] parts t the

ends of the stack.

Power odtput of the LTZ-I generator is shown as a function

of applied stress fluctuation (Figure 4). Data points are shown

for seven xuns. The last data point taken was 7 watts at 9700

psi. Two curves are drawn throuqh the data points to cover the

spread of the data. The curves are extrapolated to 12,000 psi.

The data is discussed in Section 3.
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V ~SECTION 3

DISCUSSION

3.1 PZT 5-H MATERIAL

Figure 3 indicates that PZT 5-H and probably other ferro-

.electrically:"soft" materials cannot be driven to the stress

considered for the STEPZ generator. This material did perform

as predicted, for short periods up to 5000 psi, which is twice

its rated stress. Even at low-stress levels it was necessary to

'cool the stack with a cooling coil in the insulating oil. This

material may be suitable for applications that require a short-

duty cycle or-one-shoL power from a small package.

. Notice that there is some scatter in the data that increased,

with increasing stress. There was a 0.013-inch-diameter clear-

ance between the piston and housing. The O-ring seal tended to

extrude into this gap even though there was a nylon backup ring.

This could cause enough friction between the seal and the hous-

ing to explain the scatter,, since all of the hydraulic force on

the piston was not transmitted to the stack.

3.2 LTZ-I. MATERIAL

"The LTZ-I material (similar to PZT-4) showed no signs of

losing its piezoelectric properties. Several runs were made,

showing that the power output repeated after the material had

been driven to high stresses. The data points in run 6 are

nunmered to show the order in which they were taken.
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The following evid(;nce supports -the tl. 6 ry that the devna-

ejj tion of the data from the exponential power curve at stresses

above 10,000 psi was due to a defect in the test apparatusV rather than to degradation of PZ properties.

1. Marks on the piston and the housing indicated that theO-ring had extruded past thie nylon backup ring into the0.013-inch-diameter gap between the housinq and piston.

. 2. During run 5 the output power shifted from the upper
[ •exponential curve, 6 watts at 7900 .si, down to 3.1 watts

at 8800 psi. The subsequent four data points formed a
distinct 'curve significantly low-er than the exponential
curves. However, the data in run 6, taken the following

t •day, generally fall between the two (,.xponential curves
up to 9700 psi. The data above 9700 usi are lower and
scattered. The last data point taken lies on the lower
exponential curve, 7 watts at 9700 psi.

It is concluded that the lower power curve determined in
run 6 is tho result of the O-ring extruding into the .-ap
between the piston and housing, causing the actual load on the

stack to be significantly low.:er than that " ndicated 1-y the hy-

draulic pressure on the piston. The scattc.r in run 5 is due to

varied degrees of high friction caused by the extruding 0-ring.

Assuming that. the scatter in the data is due to seal fric-

tion, the output power at 12,000 psi, the maximum reromnicended
stress for this material, would he 13 watts for 0.8 cubic inches
of material. Thirty-eight percent of this n~ateri~al was in the

two 0.125-inch-thick end discs. It is probable that thc output
would be greater if all the material were in 0.040-inoh-thick[ discs. It. is also orobable that the material could be driven

at higher stress than 12,000 psi. Therefore, it is estimated

that 80 to 100 watts of power can be extracted from 5 cubic

F.
inchcs, of LTZ-1 m"atrri al
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3.3 GENERATOR EFFICIENCY

--

The efficiency of the PZT 5-H1 generator had been determined

in an earlier experiment to be 70 percent. The power loss is

considered to be divided into three mechanisms:

1. Electrical and mechanical losses in the material.

2. Losses due to friction between the PZ stack and the
steel end pieces from radial expansion (Poisson's ratio
effect).

3. Seal friction.

The. PZ material loss is about 5 percent for PZT 5-H and

about 1 percent for LTZ-I. It is estimated that seal friction

is the greatest of the other losses. Therefore, it is esti-
mated that generator efficiency greater than 90 percent-can be

achieved by replacing the 0-ring with a metal diaphragm.

3.4 TEST APPARA4TUS

The rotary valve was designed and fabricated to drive the

PZ generator for testing purposes. It became apparent during,

testing that the system had several limitations. The pressure

applied to the stack was pulsatile rather than sinusoidal. At

high pressures the system required a higher flow rate than the

pump would produce. Therefore, a large. air/hydraulic accumu-

V lator was necessary so that hydraulic energy could be stored

for short runs. Also, the rotary valve became hard to start

at hydraulic pressures above 2800 psi.
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3.5 RECO,-,,-'.1,'DATION1S

It is recormended that Small stack'- of Physics lnternatlonal's

.own n'ater~ia~z be tested to assos their applicability in a PZ

gcneratorl. It is also recoiwxm:nded that a longer stack of LTZ-1

rI material be tested ýin such a way that the limitations, of the test

apparatus do not effectthe results."

A piezoe1ectric driver i' q uite satisfactory at low stresses,
but at .14,000 psi the driver stack would have to he 3.5 times as

long and twice the' diaMreter' of the 'driven stack.

-t is also recommended that the hydrau.ie driving system be

rmodi fied. to ovcrcoe.oi the difficulties encountered in this program.

These, modifications would include:

1 V. Using with a a 7 -friction seal or nota! .iaDhragqc°, a
larger piston' so: that the required hydraulic pressure and
Sseal friction, are lomer.

2. Mod ifvin: the sorts in the rotarv vale so that the
:pressure pulscs would more closely represent a sine wave.

t-
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C L

G L

Rs

Figure 1 Equivalent circuit of a piezoelectric generator
with matching induction and load resistor.
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PZ Stack

Steel spacers

Piston,S~2.62 in. diam•
Kistler 607L
pressure transducer
0 to 30,000 psi

"0" ring seal Kistler 504

"________c" iarge amp].ifier

Prc-ssure cjauge
n to )000 psi Oscilloscope

EP

Rotarv valve

Accumulator

_Adjustable

relief valve

Ili pressure
fhVickers axial piston pump

• ~Check
(3000 psi, 0.97 gpmr)

valve driven by 2 HP 3450 fpm motor

Figure 2 Schematic of PZ generator and hydraulic driving system.
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Projected
£3 curve

30

25 -

a. 20 -
20

o 15-
0

' -• ~10 -

5 -

0

Applied stress. fluctuation, 1000 p s i

Figure 3 Output power of PZT 511 generator, volume of
material: 5 in.
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0.6 + /® 2 i
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3
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Stress fluctuation, 1000 Dsi

Picture 4 Output power of LTZI generator, volume of material:
0.3 in'.
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APPENDIX

PZ GENERATOR EQUIVALENT CIRCUIT
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An eqcuivalent circuit for the P -generator is shown in

Figure A-I. If the value of the load resistor on the output

is small compared to Rp, the circuit can be simplified to that
shown in Figure A-2. Assuming the generator output is sinusoidal,

the circuit equation in the frequency domain is:

VG = I (R + R + ZGL s C)

WýPiewe ZC XC±Oa, Wt=Ajf

zue

or

V (- R + RS + ZCG R L S CL

The output voLtage, VO, can be measured for two different

values of load resistor, R1 . The load resistor must be small
comparcd to Rp. The cquation can e written as follows:

R Z) V02SVO 1LI + + = )RL RR + ZC)

The internal series resistors, Rs, is now given by:

R R v -
L L 0 0OR 1 R 2 2 1V -

V0RL 0 L
2 2 *2 1
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io the g ejrator is driJven at the frequency c,;., the
"A of zC can be inserted into the equatioll. '4erefore:

L (V.r o - v.) 1
LRS

"1 2 V2 L1

If the generator ' is exCcited at frequency, w 2 ' RS can agairn
be exprezsed in ,equationrin terms of ZC. Since the value

of RS js independent of frequency, the two equations can be
Ssolved for RS and CS-

For rmaximum rn ower transfer from the generator, the loadreslstanccc must be eccotaJ to the internal resistance, Rs, and

the capacitive reactance must be balanced by the addition of an,
inductive reactance of the sainme magnitude.

Pof.er orom a PZ f..re2.'•r Wit. a Resistive Load. Af.".
".Tle maximum ?.ower fro:m a PZ generator with resis-

tive load is given by:

(I=av 33_t) 2

4 RL

and

Q 
WO

R = 1L 2v f CO

Gulton Indu.tries Catalog.
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there fore,

• t2
W - 2 fC _(a7 g3 3

Since

r Fkk -S is v 4'L a

CA F eF4 e

R C

K3 coAC 0
t

then

• 7T f K3 E A (a )
S= oii g33

8t-

11owever,

d -

33 3 3 Eo g 3 3

so

w-7.f o2
8 d 33 g 3 3 c At

or

f - d• 02V
8 3333 3 Vpz
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where: W = power delivered to load (watts) (for a single disc)

f =frequency (hertz)

R =load resistance (ohms)

t thickness of the disc (meters)

A area of the disc (meters-)

CO = capacitance of generator

F = applied force (Newtons)
A

= applied stress (Newtons/meter2

g 3 3 ' PZ voltage coefficient

d 3 3 = PZ charge cofi"nt

K = dielectric constant
3
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CS

S~VG < Rp

-Rs

. Figure A.1

• Cs£c

Vg RL

[ Figure A. 2
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SUPPLEMENTARY REPORT TO PIFR-355

R~epo rt Pi:ZI -355, issued January 1972, presented data on the

dC sigg, fabrication, and testing of a piezoelectric generator intended

to be drivwn by a Stirling engine developed by McDonnell-IDouglas

Astronautics Coinpany.

The following .upplementary information is submitted relating

, icsts on PZT'1 511 and LTZ 211 generator materials.

1. A description of the effort to build and debug a

hydraulic driving system for the generator.

A dis'cu ssion of temperature nicasurunment of Oh

P''. ,enerator.

A (dl h idttion of theoretical power epZenu-%tte~d for

,'oW 1)ori-,ofn v, ith t( .tul power rnecj riWul.

•4 ;•. d;l,.- 'Ii \'C tlabuldtion of tie ct . Jltl l.

.A calculation of circuit c-,ltdl ji> I.e. -

ilnlkluctlancc 'Ind load r'it([i Pcd I

mYaLtch l the iiipcdatnct- of the IZ' --I II ueuceratýr.

IClie"t .i'&I Cu I.-,tltI; fr the 1 /, !. I gelcr-lo "

v.cr d (leterr)inc( I - I)dl' ntally, see labllation

lta. I

Ii. ~ A list,, lf exC IInditurts ,n (C, in, t, !ih otl hm date.
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PZ GENERATOR_ DRIVING SYSTEM

In order to provide data to establish the feasibility of a high

power/density generator it was necessary to perform tests upon a
stack of piezoelectric discs to determine its performance at high

driving pressures and to validate the extrapolation that has been made

from limited available data.

Since the proposed generator concept employed hydraulic coupl-

ing between the prime mover and the generator, a systemn was designed

to provide an approximately sinusoidal hydraulic output for application

to an existing PZ housing.

A rotary valve was designed to connect a hydraulic pressure

source with the generator twice for each revolution of the driveshaft.

The design work was performed with P. I. funds before the start of the

contract.

Fabrication of the rotary valve started about July 1, 1971. The

rotary valve, the generator, and the hydraulic system were assembled

during the first 3 weeks of August 1971. The PZT 5H stack and most

of the components for the hydraulic driving system were available in-

house. Testing of the system began on August 18, 1971.

The rotary valve was a first experimental model and the subject

of soeic development itself. The pump output required was determined

by calculating the vohlu, tric displacement necessary to compress the

stack plus the volumetric compliance of the hydraulic fluiirl. However,

it was found that hydraulic compliance exceeded estimates and leakapes

occurred in the rotary valve. Consequently the output of the puep was

inidletuqatu} to raise pressure to the desired value. Tlhe driving syshte-n

w :;S modified sev,.:ral times in order to increase thit drivin, j)re.Iru
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atttainable. Firs.t the pressure was controlled by a l/4-in. direct

,tc'ti~n relitcf valve WManatrol 1/4-RA400-4), which was found to be of

inadecqiate capacity and sensitivity to control the pressure accurately.

it ,.s replaced with a 318-in. pilot operated relief valve lParker

1[,Itoifin MRF:N-0f-FP1AA) which was found to be adequat,. fowever

the output from the pump (Vickers axial piston) was limited when driven

alt 1800 rpm and consequently drive speed was increa sed to 3600 rpm.

Foaming of the hydraulic fluid and exce;ssive noi se indit.ated ihat the

pumirp inlet was restricted causing cavitation. "!hlerfore thi , inlet, i3tub

was increased to l/g2-in. diameter and the reservir -,asi elevated to

atbout Z-ft. abovve the pump.

The neecdlte valve and a 0.062,-in. diarneter pa.ssage between the

rotarv valve and gecncrator restricted the flov. and , aused heating,

locally. The valve was replaced with a ball valve and the passa, te v, C S

drilled out to 0. 125.-in. diameter. rhe passage w,.s in a brass block

(on hand) emnployed to hold the Kistler pres sure transducer. P_,vidently

the block was weakened by the larger drillingt or was damaged d'irint

installation. Consequently iý broke during one of the first runs amd

was replaced with a steel I-art.

The driving system was limited in the pressure delivery capabi-

lity to approxiiat ely 1700 psi (7'00 psi on stackl and most of thu

hydraulic power was dissipated as heat.

The Iast three runs on the L TZ I generator v.,ere perform-d %vilh

it i.as /hydraulic acc:umnulato r in the systern to boost the pressure capabi-

litSy of the driving system for short durations.

It was found that friction in the rotary valve, made the valve, hard

to start at pressrires above 2000 t).i despite having halan'ced pros,;ure

P r t S.
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During the test program it was found that much more effort than

expet'ted was required to develop the driving systemn. Consequently

this diversion reduced the amount of testing and analysis that could be

perfrined within the limited budget.

if more testing of PZ stacks with a hydraulic driver is plniined,

more effort will be required to refine the hydraulic driving system.

TEMPERATUR E' MEASUREMENT

In the initial experiment and modification phase (f testing the

PZT 511H generator it was found that the insulating oil temperature

rose to 06 F after a few minutes runnntg time. ITh. teunperahlure was

F rneasured with a mercury-glass thermometer. ) A cooling coil, 2-in.

in diameter with 26 turns of 1. 8-in. 0. D. copper tubingv, was inserted
V

in the oil. With water running through the coil the ternperature of the
0 1

oil increased from 75 F to 76 F with 7 minutes running time on the

generator.

!n six days of testing and modifying the apparatus after the cool-

ing coil was installed it was found that the temperature variation of

the oil dlid not exceed 70 F (71 - 780 oF) or approximately the same as the

room temperature variation. The cooling coil was led through the

V same hole that was used for the thermometer. Consequently the fit

around the thermometer was snug. The thermometer was removed

after the first power run to avoid breakage due to vibration.

It, was noted that the insulating oil temperature does not repre.-

.cUi thc hulk trupteratore of the PZ stack. HIowever the efforl rcq, ircd

1t, [I,'.'t herrnmorlples in special PZ dis( s and in(orpcir•te ftheni into

I Iia: ¾;L( 1< was not allowed for in the budget.



POWER CALCULATION

The expression for power from a Piezoelectric generator as
der ived in the ,tppmndix of the report is

2W:lf d 3 3 9 3 3 ' Vpz

where W z powter delivered to the load ina %.atts

"f frequency of applied stress 1hertz)
S d3 3  piezoelectric voltage coefficient (volts meters/newvrm)

g .a• :piezoelectric charge coefficient (coulombs/met.r 2 )

f 0 applied stress fluctuation (newton/meter2)

V - volume of piezoelectric material (meters3).

it is asstsimud that the generator is matched for maximum power.rtný.f,-r r,, 11w, I;:,td (se~e page IS).

FIht: volkane 6 f the FIZT 511 stack is

V: (3. 181 x 1 0 x31o• 0. 12

sn. va- • from the Vernitron catalog:

-60-12 -3 5
10 1,#.7 x a ) c 8 x 10

,.2 I -'. for C. it) newton/ni

2 14 Z 2

W 1.05 x 10 ar watts Jfor . in psi).
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This agrees very well with the projected curve in Figure 3.

- -- Similarly the power for the LTZ I generatoy1s:

Tr60 12 -3 2 2 -5

SW -7 (284 x 10 )(29.2 x 1 (6895) (1.2 6 x 10

WO 7 0- 6  2

W = 0. 117 x 10 a watts (a in psi)

The actual power from the LTZ I generator falls below this theo-

retical relationship. However, this generator was made up of ten 1. 25-

in. diameter discs, 0. 040-in. thick and one 0. 125-in. thick disc on each

end. Ignoring the two thick end discs the power is

1-6 2
W 0.074 x 10 watts.

This exoression falls on the Znd curve from the top in Figure 4. Since

i everal points fall between the two curves it is apparent that the effective

volume of PZ -n~aterial lies intermediate the full stack volume and the full

volurme less the thick end discs. The thick discs were included to reduce

thee end effects on the short 10 disc stack (i. e., shear stresses on the

ends generated by the steel end pieces and the Poisson effect). If a

similar stack were tested again it is recommended that the end discs be

shorted and left out of the generator circuit.

It must also be considered that the series inductance was not truly

optimized. However it is estimated that the increase in power with

optimum inductance would be less than 21/c neglecting re-optimization of

the load resistor to suit the larger inductor (see page 11).
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Run Symbol
10 01.

U, / I

• 9-- 3 2
0t 

/
S8 H '• 3 /

.411 6/ W

ra-4 5 -
04 + 5 6(

U

3--

2 -

0 1 2 3 4 5 6 7 8 9 10 11 12

Stress fluctuation, 1000 psi

Figure 4 Output power of LTZI generator, volume of materialz
0.8 in3 .



PZT 5H GENERATOR

Lj(P',w'r Rukns

Load resistt:n-.e: 421fl

Scries inductance: 1.4 tIenr:.c.,

Ap 2 hydraulic pressure fluctuation. psi

- stress fluctuation 4.4 Ap

VL peak to peak voltage across resistor

P power, watts

Ambient temperature 72 - 78°F

J p -A VL P

S -ptzmiber 2, 1971

!,,ri No. I

450 1980 130 5.0

600 2640 170 8.5

750 3300 200 11.8

900 3960 250 18.5

1050 4600 300 26.5

1140 5000 320 30. t) - ii~sul, oil
lemp. 78OF

S,.ptetmber 3, 1971
Rvu No. 2

if450 2001) 120 4.2r,

600 Z650 150 6. ,6

750 3300 19)0 10.(

S1-50 4950 300 26.

975 4300 275 22.2

1.46,



V. p

September 7, 1971
Run No. 3

750 3300 180 9.5

1150 4950 235 16.2

1500 6600 310 28.4

1875 8300 340 34.0

September 8, 1971

Rim No. 4

750 3300 220 14.3

1150 4950 280 23.2

1350 6000 300 26.5

1500 6600 305 27. 5

1650 7250 300 26.5

September 9, 1971

Run No. 5

600 2640 125 7.3

1000 4400 180 9.5

1500 6600 230 15.4

1900 8400 260 20.0

Repoled stack to 50 V/rail DC pulse, 250 ms pulse at 2 Hz.
Run No. 6

600 2640 150 6.5

1000 4400 260 20.0

1500 6600 320 30.0

2100 9300 300 26.5

1000 4400 210 13.0

1,7



LTZ I GENERATOR

Series inductance = 18 H

Stress fluctuation = 5500 psi

October 7, 1), R L VL PV( .LK LPower -.-

7.0 350 Z.2

8.5 400 2.35 *-max.

9.5 420 2.32

10.0 430 2.31

11.5 460 2.30

Selection of Series Inductance

R L -: 8.5 Kn

Stress fluctuation = 5500 psi

L VL Power A Power

(Henries) IVo1ts (Watts) (Watts)

October 7, 1971

16.6 380 2.22
0.13

18.0 400 2.35
0.12

20.0 410 2.47
0.06

21.0 415 2.53 -Use 21 H
0. 03 est.*-,

22.0 Higher inductances were
not available in a time
compatible with the schedule.

*Increase in power with
larger inductance is estimated at < 20



Power Runs

Load resistance RL = 8.5 Ký2

Series Inductance 1 = 21 Henries

A p 2 hydraulic pressure fluctuation, psi

MJ =stresa fluctuation = 4.4 Ap

VL peak to peak voltage across resistor

P Power, watts

Estimated running time: 2 rmin. per data point.

October 7, 1971
Run No. I

kA p AV L P

1250 5500 415 2.52

1560 6W5o 500 3.68

1600 7000 520 3. 96

935 4100 330 1.60

625 2750 250 0.92

312 1375 120 0.21

7 Z" 3300 280 1. 15

500 2200 200 0.59

500 2203 200 0.59

37-1 0 160 0.25

625 2750 250 0.92

750 3300 290 1.24



___ cr V LPSX-L

October 8, 1971

Run No. 2

6Z5 2750 Z40 0.85

935 4100 350 1.80

October 8, 1971
Run No. 3

1000 4400 380 2.1

500 2200 2Z0 0.71

1300 5700 490 3.5

O0(t:ber ii, 1971
Run No. 4

600 2650 Z20 0.71

800 3500 290 1.25

1000 4400 360 1.90

1500 6600 540 4.30

1700 7500 600 5.30

October 13, 1971
Rim No. 4A

1400 6200 330 --- Odd pressure wave
with Z peaks

1400 6200 470 3.25 Normal pressure wave

1500 6600 510 3.85 Pressure fallirig with
time, could not read

1700 7500 530 4. 15 scope accurately.



Ap Au V P

October 14, 1971
Run No. 5

1100 4850 350 1.80

1200 5300 400 2.35

1300 5700 440 2.85

1500 6600 510 3.83

1800 7900 630 5.85

1800 7900 640 6.00

2000 460 3. 10 Erratic behavior.

2800 6?O 5.65 10.

1800 7900 440 .856

1000 4400 360 1.9

1500 6600 360 1.9 "

A. 2400 10600 560 4.6 " "

2600 11400 580 4.95

1500 6600 350 1.8

*These stress figures are in doubt because it is suspected that
the "O"-ring extruded and jammed the piston.
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Ap Au VL P

Octobe: 15, 1971
Run No. 6
10:00 A.M.

1500 6600 530 4.15

1400 6200 500 3.7

1900 8400 640 6.0

270C 12000 650 6.2 Erratic behavior

2700 12000 670 6.6 o it

1900 8400 600 5.3 " i

2100 9250 * 660 6.4 " o

2700 12000 660 6.4 it

2600 11500 620 5.7 it

2600 11500le 670 6.6 I "

October 15, 1971
Run No. 6
2.30 P.M.

2300 10100 680 6.8 Erratic behavior

2200 9700 670 6.6 " "

2400 10600 690 7.0 i "

2200 9700 690 7.0

*These stress figures are in doubt because it is suspected that
the "O"-ring extruded and jammed the piston.



IMPEDANCE MATCHING

A knowledgo of the behavior of piezoelectric rnmateriais was used

to postu-late the equivalent circuit (shown in Figure A I) of a PZ gen-
I

orator. The voltage source shown in the equivalent circuit represents

an ideal voltag generator. Since a PZ stack is capacitive, a capacitor.

C, has been included in the equivalent circuit. The resistor, R

represcnt!, the internal losses of the PZ generator while Rp is the shunt

resistance present in all PZ stacks. This shunt resistance calses an

initial voltage on a stack to decay and is included in the circuit. The

series capacitance CS is not equal to the capacitance of the stack, but

is calculated as shown below.

If the value of the load resistor on the output is sriall compared to

Rp, the circuit can be simplified to that shown in Figure A2. if it is

also assunicd that the in-ipedance due to CS and RS are small compared

to R., then the generated voltage, V can be assumed equal to the open

circuit voltage measured at the output of the generator. Assuming the

generator output is sinusoidal, the circuit equation in the frequency

domain is

VG . I R ) 1Eq. (1)

V0

o 7 R RR sZc Eq. (2)
VOC R-- LRL ' S ' C} q 2

If the generated voltage, VG, is independent of frequency then, by

1. A circuit similar to this is shown on page 17 in Piezoelectric
Technology Data for Designers, by the Piezoelectric Division
of Clevite Corp.



assumpltion V is also. Hence the output at two frequencies can beoCequa ted :

V 
0-O1 (R 0E2RE L S Zc) L 'S C3L L L S ~ .3

Therefore RS is

VO 2  Vo

V 4 ~ 7) Z 0(02z RL (Zc) -V 0  L. {ZC

0 -01 02 

RE

[SVOI.Vo2 RLZ 0 q. (4)rR

0
IV v 4 V o V o V o ] c R

R V2 0  - VO2 Eq. (5)

5 . ) 10 -0

-. 61 > E 2\ z

RS ... 0 V -- 0h2 q. (6)

S'ibt0situtin,,

(3.19- 37•lO \7 C Eq. (7)RS (5.7 - 3.91

j_ x - 100 Eq. (8)
1C



Using Eq. (8) and the experimental values for the PZT 51. gen-

erator shown in Table 3A for Eq. (2) yields:

5.7 2.61 x 10- q

60. 1 -- 0-0 100 + C q. (9)

or

5.7 6
c (5.26) 10 - 5.01 if Eq. 010)

2.61 x 10-3 (11)

5.01- 10_ - 100 - 421• Eq. {1S 5. 01 x106

The capacitive impedance is:

C6 0 H 377 (5.01 x 10-6 - 532) Eq. (12)

For maximum power transfer fromn the generator, the load resis-

tance nmust be equal to the internal resistance, RS, and the capacitive

reactance must be balanced by the addition of an inductive reactance of

the same magnitude. Therefore:

53?.
L H ' 23-7 = 1.41 h Eq. (13)

60 Hz 37

It is necessary that the voltage measurements uszd to calculate

the equivalent circuit be accurate to prevent errors. For instance, if

.5,



VOI was measured 5",", high (6. 0 volts instead of S. 7) and VO2 was mea-

stired low VJ (3. 7 volts instead of 3. 9) the series capacitance, CS

increaseis l0"'

(3.7 - 6.0) 100 -1 3 6.0 1
197 377 C

S 6.0 - 3.7

2.87x 10 - 100(j
C

The re.o re :

C 52 x 10"6 f

Although the induction calculation above produced a value that

worked very well in tests, later calculations on different stacks pro-

duced values that were not realistic. Another method was used to

determinne the circuit values which worked fairly well in actual tests.

However furhter work is nect.-ssary to characterize PZ generators. A

vital part of this is to determine what relationship the stack capaci-

tance has to the equivalent series capacitance.
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Appendix B

.INDFEPENDENT D)EVELOPMENT OF PIEZOELECTRIC

GENERATOR TECHNOLOGY IiSIN "CYCLE

AVERAGED FORMALISMI This appendix discusses the analytical closed solution formalism
associated with continuous and pulsed operation of the piezoelectric
generator. For both modes of operation, two cases are considered:
(1) the purely resistive load, and (2) the load with inductance added to
compensate for the capacitance of the piezoelectric stack. For con-
tinuous operation, -an analytical correlation with the PZT-5H data
presented in Appendix A is also made.

B, I CASE I- CONTINUOUS-POWER OPERATION WITH RESISTIVE

LOAD

This case is shown in Figure B-I where the following conditions apply.

Mechanical Input: Sinusoidal Compression

:Load: Resistive; no matching inductance

2238

F
C 0

R CL RL

Figure B-i. Mechanical and Electrical Equivalent Circuits
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Ihtc shunt resistor, R, for crystals of useful sizes is on the orderLh,

Sof I01() ohns; CI. is te capacitance of the leads and load, For this
case, CI, is very small, e.g., a few picofarads; therefore, XCL iS
also very large (10 1 0 ohms). The electrical equiva1'nt. circuit can
thi-5be simplified as in Figure B-2.

With sinus•idal compression as the mechanical input, the instantaneoust voltage is

v V sin ,T

and )t stead y statv, the instantaneous cur rent is

Whetr the peak curi-enit 1, and pealN voltave, V are
related by

V V

with
x z

RL L.oad resistance

R Internal stack series resistance
S

XC Stack capacitive- reactancw-

F(;ircuit i gn uit-ianct.

'1609

: Figure B-2. Simplified Electrical Equivalent Circuit
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and the phase angle, 0, is given by

x
0 tan] C

-Il~L S :

Straightfor-ward mathematical manipulation leads to the following
expre ssion fwo power W, delivered to the load

V I _ _

W n: ni

By definition and from typical piezoceramic property data,

R
tann 6 <<X

The maximutm power transferred, therefor.-, occur-.- very ne.:rlv

at RL X,:. For this case
2_,

W II r nms
4RL 211

LL

where

Irnls /-.
As was discussed in Section 2. 1.3

Sk(Frmsi t

•'•"" 2 RL

!3ut But

F:13-

mis1
161



and

Fpek-.pe• k 2 F

Sand it also eitals 2 FaVjg

--Th;she . mamimum power transf-erablte is-,

w [(avg/M ,t}
4 Ri.

This is tlhe 'qtation utilized in Appendix A.

B. 2 (:AS!: 11- CONT'IINUOUS-POW 1KR O1PERAT1ION WITH tMATCIlIN(;
INP UC TANC -:

Mec ha nical Input: Siausoidal (omprvs ssion

Lo.ad: Resistivt. with Matching Inductance

[he ( IUi'al,.lnt t'l,•ctrit: circuit for the. cas(e is sho)wn in Figurt- B-i.

W'lhen NI Xe-, this ciircuit red,,uc(-s to the forrm of Fi.gure 1-4,
where Xj. wl inductive reactance.

H A\x ,.r tra:isftrr.d to thv lo}ad resistane,, IRl., is

R. )2240

x x

L L
0

Figure B-3. Simplified Electrical Equivalent Circuit with Inductance

162

Li-i~-



S- - 2241

RS

SL

V_ 

_

Figure B-4. SimPlified Resonant Circuit with X ,
When R Rs, the power transfer is a maximim and is :iven by

V R. V2
LL

whe re

~L

Thii is not a desirable operating condition because half of the powergenerated is dissipated in the stack. In practice, RL is normally
chosen somewhere between this value and the optimum value for noinductance, depending on the desired tradeoff between efficiency and
power density.

1-. 3 CASF: III - PU L.SEID-POI-OWR OPERATION WITH RESISTIVE LOAD

This case is shown in Vigurt. B-5 where the following conditions apply.

SMechanical Lnput: Periodic Compression, Frequency

Load: Resistie!No Inductance

At the instant the switch is closed, instantaneous current is zero andthe voltage across the capacitor is the peak voltage of the capacitor
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SC 2242

RsR

r 
L

KD-

Figure &-5. Mechanical and Electrical Equivalent Circuits

! Cur'rent a. �function of time after the switch is closed is

R• iiTRs.l S €L)Co

SThis leads to an average current over a half cycle of

•" " 1/2f £dT12f V°---C T s RL)C° o1 f f 2 R T

00 S L
Integration and evaluation at the limits leads to

h avera r W, delivered to the load can now be determined

V Ia L (2f Voc Co)2R1  - 2 T. -iFT

\vhe re

1i :-(R 1 +I "T +R )CO

In this equatiodi for average power, there is also an optimum value ofRt. to produce the maximum power. This is demonstrated by thefollowing argument: When R1, is very snmall, the quantity outside
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I the brackets is very small; when RI is very large, the quantity inside

the brackets is very small. -

.B.4 CASE IV - PULSED-POWER OPERATION WITH INDUCTANCE

This case is shown in Figure B-6 with the following conditions.

Mechanical Input: Periodic Compression, frequency •

'Load: Resistive plus Inductance

T I his case is a little more difficult mathematically. The solution

Sfor instantaneous current depends on the relative values '(f

(RL+R , L, and C

Case IV-A:

I• R.._\Normal Damping{:: 7L / LC

I( -RT/LL EbT _-T

2243

F

L L

1 T

S)i. Figure B-6. Mechanical and Electrical Equivalent Circuits
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whore

C as'(,-B

(T~T)Critical Dam'ping.

T-RT /Z1.L

-Oscillator v

-RT/21- sin qTr

Asi Cs- 1, avvr'age currorts c an be a lated:r Case- I V-

I(I

C *lua pi\ eth doiiv(rt'i t, lit-e Iloa is

F11 ir I ivv. n StC C.1 IM C i 1 1 TCk' C 0, 1n R and 1, cain be. folind lo

incri-.ose-ri tb.R b eIbis valu .e for the best tNideoff betm.weln Iowe r
(Iprisli a il Ia i kIv.
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.- C( "rAT[ON O1,XtRIMtENTAL.....D)ATA WITIT THEORY

Calculatiions werv performned utilizing, the forrmal isn• for continuous
operation presented in Cases I and IL. The particular exa rple given
here is for a PT--I i stac." consist in otf 100 discs connected electri-
call' ija pa:'all. Each disc is 0. 040 in. thick x 1. 23 in. dia. Such
a stack was ised in the experinients reported in ApOpendix A.
VI ' U, P'-;' prvsvnts. the results of afpplyinr._ this formalism tto the
operd; otis, "unr'- ti,,ns (if Itun No. 1, 'W- -71, desýcribed inl Appendix A.
Also s.v,wn ao'r- the expeririental data points gathered oin that ran.

The catcnlitions ot i'/I -51i stack prftormaanco make use of
tiatcrials pa rar.oeter's provited in (;ievite Catalog No. 05.
Generally. 1i" s ignal para il•e to rs 5 c .IC s ed '.m it h soni- correcttions
for hih stress. ah•d high field nmide to the d ielectric constant and
d1issipatflin factor. Data for these coirrections aire only strictly valid
to 2000 ps.i and thesv ' orre.tions should I.;e conside red qualitative
at hi'he " st ressns. This is especiallv true because a linear depen-
d.ne I'of toch (cor'rection •.is 'kssulVdt or extrapolation which is not
nvecessa iov coIrrect'. S•c- es r,;istancts jute rnal, lbad, and inductor)
are djisregarded in all potter calculations using this hiomalisni. Evenl
though i:ore are these lin•tation:s on the analysis, 1sotnie correlations
am! depewndeniies ar e \z orth exanjDn•tien. In Fieutre 11-7. calculated
prowe r exhibits the Sallie gne'al dpenptence on applied stress as the
expe rimneatal data. These o'alcu•lated via ues temn 1o be highe r than
th. data. W\ hen a lowv field re.al'ive dielctn•r" constant •f 3200 is
used instead of 5400, this difference. dis;appear-s. Such a difierence
in dielectric c-onstant could result from the tenippr•tture of the
matert•al or tiln ' aflte r poling'.

Fig'ure R-4I- sh5,fe s ti,.l c, 1cqilzatd i ,k- r .ence o: the P .TI-'il stack
otptt pove"r tin loat i"5.istn.Utc at a givenl stress flctiation
WU40 psin. With respe-ct to p•ov ý ", the calculated optintmn circuit
rosistancc i ot ohi ,it 700t ,huits. v. it ,th e wiv'•i n-lUttane f xc-X - I 700S2
and th, et-e r'nr ,til o)ptiltlull load resistance of 42:- oh, s iniplv as
Much as (7 hmls of set'•ies re.sistanee clsev. h-re in the circuit, if
the ca'lculations are co, rrect. Such resistance vold pr,,!bAblv be
primarmilv in tin, stAck with a small anmount in the inductor and leads.
Incensiam stack vi•p'opmature lead, io an alnhost expponential rise in

tan 1, a n! a ic'.' ss the effec 'tive se nic.y resistrance. Such a rise ulith-
oit cimlin , 111(1d lvad to rapid stack deterioration: any tenipt.ratire
inc e'lns' c aauses Moe m Self heat il arnd nm1rte ,-nptetra' tre rise.

This sanme analvtical •, ,,aaism also provided gim aig"meetwlet foir

,o\er v-s strmes and povuer vs load for ciata gaathered at DWI)L.
I lveve,'. vwith both Phy s ics [Ite rnational anrm l)I)I. data the depen-
dlonce on idciic tat \,,a. in (n error. While the power vvt*slIs inductance

ne ncc' \was la ili Intive lv corrrecl, the optimniutn iahtc•ta nealcu-
lated was o\ver "0a hii~her than inasured. Pv refortinlatint the
equationols kn all inslantaneiius r-ather than tinie -averaged basis, and
a c(nultina,. for the c'harve in the stack thr•r•nhon a given cyce,, this
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disc repancy was elininateil. This latter fortulation is de.scribeci in
-iOore detail in Appendix C anrid applied to Physics International and

IDWI)IL data.

A sanpiie set of ,.'alculation,,s for obtainin.g theI curve in .igLir, 11(-7 is

•,v en in Scctin 08. B6.Sv rytbols1 used arv def ined in Table Pj- I.

B. 6 SANJ1-.,P CAI1,CIUATJ()N

PzTr-51! Stack:

100 discýS, 0.040 in. thick N 1. Z) 11. di;, (connected in narillel)

) :1.25 in. - 0.0,3175 n

).- )

A " ) 1. 227 il,.- 0. 000712 ,-

St -0. 0,40 in. 0. 0010(16 I

PX \olumn /,Ilisc At I0. 049 1 in. 0. 804 x 10 ill
S-4 1

PA staC-k V0ol Ilne - 100 At 4.92 i r. 0. 04 x 10 1n
S8 x 10 12 3400 - 0.4 a.)/1000 ]

Assnuit.e Ao - 1980 psi

01. 2 x 10

C A 1/ 0.223 N 10- farad /cjisc

A'{ s 5tnt)K', 4 1.3hnPe
,. n4 v. .s

T 0 . .. I I 1 1

v .~~A:-;:•. "tmw P,,' heI 3t{nrhes
I-I I ,

T I27 -4 § "8 0

I. d~ +(, 1. .

AIi I t!t-.i'L i x'tc( [l it-tii 1o~(i4 is srgiPie .

SAl ,i v, ", ,''s-' Oi: . 'i: ll , > Iit thFi' lict' t--ctt the loa(d.
+; , ,+, '+ ,I ')



Table B-I

S'.'miBOLS USED IN SAMPLE CALCULATION

Symbol Definiti6n N--

A Area

Thicknness

D) l)iameter

F reqtie ncy

E Electric field. ,ri

F I orce

Vol Volkmne._

G Pi-zole.t'cric cocefficient ývolts!applied stress)

R Load resistance

FT Relatir dielectric constant, tfreeý

Peak force
p
P Peak-to-peak force'

F Rins force
rms

F> .. Ave rage force'

7...,ecance
x Capac itive reactance

* .C Capacitance

I C~i irre nt

P 1 Powv" r ".

1. Inductance

X Inducti-e reactance

tain •) Dissipation factor W lseri effs-ctive /
IXc .e ri-~ 'efective iji

rserie

'V Rms volta-,e

" Open circuit voltage

Vp Peak- to.-|eak vo| t~a'2" :

.Vltage across the load

leat Zenerated

I Iffifi(c n:cv 'S.
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(F/A)MAX 1980 psi (1980M(6895) 0. 1365 x M06 n m 2

* (F/A)p (F/A)AvG 990 psi 0.683 x 10' n Lm

(F/A)p 7
T (F/A) - 700 psi 0.483 x 107 n/rnm

M. R MS (F/A) =RMsG3 (0.483 x 101) (0.0197)(0. 001106) 96.6 v

V =V -96.6 v
0oc RMS

V1  V cosO (96.6) (.527)',- 50.9 v

V, 2V - v 2V/ V 143 v
~Pp L V

Voc 96.6
,I.. -8 -* 0. 1195 ampK 7. 808

.L (50. 9)(0. 11'5) -607 w

Tan56 (T.n) n 6an E
- Ta ow signal A E t

0. 02 - (0.04 - 0.02) (0. 483 x i0 (0.0197) 0.0834

V ~~(R. (03
series eif ,X. tan - Q (78) (008 34) 98- 28

H - I.(Rseries~eff (0. 1195)2 (98 - 1.40 w

p 6.07 - : 0.81 81%
P - H 6.07 - 1.40

This value of efficiency disregards all mechanical losses, lead, and
'inductor los'ses.
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Appendix CINDEPENDENT DEVELOPMENT OF PIEOELECTR1C
__ GENNERATOR TECHNOLOGY USING TIMSp NUMECRICAL

INTEG RATION FOR MALISM

This appendix discusses the time step numerical integrationformalism for piezoelectric generator analysis which wasdeveloped at DWDL. This formalisin permits systein studies wheninte.ratedI with the dynamnic engte simulation and now providesbetter correlation with expe iimen"tal data than the techniques des-cribed in Appendix B. Using this lormalism. the LTX-l datagathered by Physics International and reported in Appendix A isanalyzed. Data gathered at' DWDL iS also analyzed together witha diSCUS-Sjoln Of tt~e related e.xpjerimcntal measurements.

C. I COMPUT ER PROGRAM

The technique of segmenting a gitven stress. fluctuation cycle of thepiezoelectric stackuinto a ntamberof discrete ti .he steps (e.g. 100)is analogous to segmenting tle"Stirling engine cycle into a numberof time steps as is done in the ,dynamic Stirling engine simulationprogram. In. thecase °f th piezelectric:s, this enables thecomputer to lnstantaneousli ,'monitor the chkre onthe stactCharge is continually generated the chre on t hileac t
"91 a 'tdby -Y the str~ess fluctuation while itleaks off either throligh the load 6r through the.-stack shuntpresistance., The equivalent it utilized in the computer pro-gram is given in Figure C-i. The letters 'a',through -e- indi-cate reference points which are used ;n desribig'Symbols used in this discussion are defined, in Table C- 1.

The basic charve balance on the capacitor.is-

_ Q charge generated - charve lost

(, capacitance) (voltage generated-
- (average currenL) (time incrementi

in AA t 1D

Preceding page blnk
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-where the dielectric constant used is field dependent:

PC lv .,1

or

The averagye current, T, is determined by an iterative process of cal-
culating voltage on the stack and average impedances in the circuit at
each time instant in the cycle.. All current values (or a cycle are then
utsed to calculate an average current. Work delivered to the load is
the~average (rrns) current squared times the load resistance. While
all calculitions and experiments to date have involved sinusoidally
applied force, the computer" proizramis capable of utilizing whatever
time dependence is input. ::-For forces :requiring more rapid changes
within a tite frame than the 60L.H;.sine wave utilized, the only modi-
fication necessary is reducing the cornputer tirme step incremnent
which results in additional computer runniag time for each case.
The work inpu'-calculation also utilizes, the charge balance to deter-

mine the instuntaneous- compliance of the stack.

Mechanical work input Sum of all F ML)X) over a cycle

where

DX C Q

A

2246

- -RIND

RSHUNT
L.

ERIES

RLOAD

VV V d
b

VLOAD

Figure C-1. Piezoelectric Stack Equivalent Circuit

174



Tablh C- I

DEFINITION OF SYMBOLS

Symbol Definitior "

A Cross sectional area of disc

Thickness of disc

Frequency

"'tinumber of discs in slack

- ~Piezoielectric coefficie'nt (volts/applied stre~ss)

SDA-t.lcct ric constant

t° Divlcctri-c constan•t or fre~e space

L v.m fiel1d relative dit-l.c tric constant

"C'( Fract ional increast- in dielectric constant at
F. clhct tic fiv-id

NIAX
!.:NIAV -'vicric fiv~ld for a dissipation factor Tang . 0.4, 2:; C

"Tan V Dissipation factir R ix: se-r ie's C

fan% t I Diissipation factor at lo, field

bf~ft-tiv(e internal rv-sistance of stack

SR~knn! Efft-00 -v shunt resistance of stack

C t:apacilanct, of slack

_ X . (:apaciti,. t r-aclance of -slack

. Inductanct- of load induct or

R Resistance of load inductor

t ),km v r to load

a 'olthage across stack i-rvninals
V Volt atE, across load

F orcev F FI hindvI

I Av-rav. current over i-ne- increment DI.

DT 'Itn.- increnment of comnputier step

DIX ('han-e in length of the- stacik over iime incrt-nient D*I"

\* N-t displacenient of stack at tinm T

ý.s (U omupliance tstrain/st ress) of slack at shorl vircuil

175
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T he net e7ectrical efficiency of the generator is then given by
1, i2 .jo

"" work to load Rload
" -� - mechanical work input f F (DX)

Alternately, the efficiency of the stack alone can be determined by

ncluding the work dissipated in the inductor, although this definition

was n,,t used for anv of the efficiency ninmbers renorted here.

. r load .n~
" ~f F ilI)Xl

* C. 2 C'O)I{RRATION WITI PiYSICS INTER.NATIONAL LTZ-I DATA

T he fo rmurlation dehveloped in Section C. I was utilized in analyzing

l:rITZ-I s-a-k p1'riormanCo. Because LTZ-1 material is essentially

ide.nLicaI v'ilh P/.T-4. the mate rials pa rawete rs for the latter

H, I ere nce C -j we re used in the comnpiuter pro.gram,

Thes, pa ran ieters incItIde:

•>,'~~ I:00
r

PC 0. 17

.•, i 000 volt /ni'i r
NMAX

0. 0.n volt i i te ri n ev moH

S()o that I 1" ~ ~ 0. oj o t~1)

and tn Q~1)04 0.4 - 0.01)14 F

T lt , ,, -I I~ta't (.IiI)sist@o of lo cdiscr, each 0. 040 in. thick x

.2~in. jIa it ii all oiisc: tdectricalkIv co(nnectdino parall Cal

. nlat ~fl \C c ' i h ra va rieiy wi st ress flucti'ations, load re-sis --

ta cc *a f~ e m mitirkila nce. All ca 1ctfl~z t ions wvere for a frequency

of 60 If/_

Vie u (jrc slho-w s the ire muts of these powe-(r v-ers us, st re*ss c alc ula -

t{: , e r) tei s on the Physics International f;igure previously pre-

scntvd, App" nd i. A. P,,,, ik-ulary g, ood anis reemeient 0.{c}0 rs Jnhi r stress

fluctuat ions at or blvw 6000) psi. At higtheir st ress levels. calci-

Ja tedj vaijw s art. mos htlnhe.r than -al tired perforna fneu. This

mav srossult rom, and Tan t haviPhyic a nonlinear fiel, depeiodence.

The linear (Il- I ('fl]dnc ) ,•I" h-se tixv, quantilies was asstamed based oni

two point:! '.)f data pmrvided in l.(' fere nice C -I: the l• o field values
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Figure C-2. MVDL Analytical Correlation with Physics International LTZ-1 Generator Performance



of tans and f:, the electric field for tanb 0.04 (EM 390,00 v/ma,and the corresponding change in c. for that fie~ld (PC 0.1N
Figure C-3 shows the dependence of output power on series load
inductance for the expirimental conditions where inductance was

varie'd. The agreement between experiment andzoeory appears
c-o-se Experimentally, output power continued to increase grad-
ually as inductance was added. The largest inductor available was
21 henries. Calculations indicate that increasing the inductance
further would have resulted in a maxim-um output power for aninductance of over0 henries (where XL effective X ). This1maximum of over 10 watts at 50 henries is over 4 times the mea-
sured value at 21 henries.

Figure C-4 presents the dependence of output power on load resis-
tance for both the 18 he erimental case and 5.'-henry calcu-

increases output power even further. - With all circuit reactance
minimized, a load resistor equal to the effective internal resis-
tance of the stack produces maximum obtainable output power for
a given stress fluctuation.

Disadvantages of operating at this increased power density includereduced efficiency and increased heat generation per unit volume of
.•stack. Provisions for removing thi's heat without allowing the stackto overheat would be required, especially in applications whe re powerdensity is more important than efficiency.

C.3 PIEZOELECTRIC "-ASUREMENTS>I
C. 1. 1 Test Equip.n'-nt

*Tests were carried out by DWVDL to establish practical opt!rat io n
parameters for electrical power gene rationand to verify analyticalpredictions of performance. All tests were performed using the
electrohydraulic materials loading systenm at Battelle Pacific North-
vwest Laboratories in Richland, Washington. This unit, Model 31Z.21
12.5/2~-5IPp, was, nmanufactured by MTS Syst.:.ns. Inc. Loads were

"applied sinusoidally at 60, 90, 6r ]0 Hz with a minimum of 1000 psiIco-mpre ssion and tip to 1 , 000 psi maxinuni compression. At each
compressive loadiri., the electrical load on the stack was changed by
varying load resistance and inductance.

Equipm ent utiliZed clin these piezoel!ectric tests emperim-tents is shown
in Figure C-5; however, none of the MTS System control equipment
is s'hon. Inluded in the electrohydraulic system are control,
h gdin", and hydraulic power subsystems. The control loop .Itilizeda load cell in s ies with the test specimen, together with the neces-
saryv electronic Signal con.litioning, comparator, and readout modules.
A punm) ua intained hydraulic fluid pressure in a servo valve controlled

"1 78



S16 _2247

16r

i :-m 12 C."
24 2E

20

•.• o••;• ZP. 5500 ,,"
- 0 4 8 u

k 0 10 20 30 40 50 60 70 0
SERIES INDUCTANCE. HENRIES

Figure C-3. LTZ-1 Stack Output Power Dependence on Inductance
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by the servo controller. In all tests, a sinusoidally varying force

was maintained on the loading piston by the servo valve. The piezo-

electric stack under test was mounted on top of the piston, just
below the load cell, all within the load frame shown.

Mechanical work input to a piezoelectric stack under test was deter-
mined as the area within the force versus displacermecnt loop dis-
played on a Tektronix Model 503 X-Y oscilloscope. The force signal

was obtained from the MTS system load cell. The signal of 1 volt/
1000 lb provided to the oscilloscope was displayed on the Y axis.
Di.3placement was measured using a Bently Nevada Model 302L30
proximity measuring system consisting of a proximitor (probe
excitation source) and probe (sensing element). Displacement is
measured by the non-contacting. eddy current probe with an output

signal of the proximitor supplied to the X axis of the oscilloscope.
`%"1,ith the Model 316L probe used in displacement measurements, the

gain was 0. 20 volt/mil displacement (±l,0%) according to manufac-

turer specifications. This unit was capable of measurements over

0 to 120 Hz without significant phase lag or amplitude attenuation.

Displacement variation under sfatic load 'conditions could be veri-

fied with a Bendix Indi-Ac A.T. Gaging System Model AT-1 with

a Type T-Z20 gage head. However, this unit with a head operating
on the LVDT (linear voltage differential transformer) principle could

not produce accurate results at operating frequencies.

Figure C-6 shows a piezoelectric stack on. the MTS System with the

Bendix probe on the left and the Bently Nevada probe on the right.
The electrical leads from the piezoelectric stack are also shown.

Electrical power:output was measured -as P= Vf]/RL, where VL was

the v6ltage across the load resistor RL. This voltage was detected
with a Ballantine Model 355 digitalvoltmeter ,+ 0. 1% accuracy with

sine waves; this meter does notfindicate true rms voltage',tfor non-

sinusoidal imput). In later tests, all load resistors were Dale wire-

wournd 1% power resistors each with,25-w heat dissipation capability.
Inductors were Triad 'filter chokes Model C 7X (90 ma, 10 h,
270 ohms). Overnight recording of stack output voltage was made on

a Mosely. Model 7100B strip chart recorder.

C.3.2 Test Results

Initial testing was done on a 16- disc unbonded stack (each disc

0. 10 in. thick x 0. 5 in. dia) consisting of unbonded HDT-31
(equivalent to PZT-4) material supplied by Gulton Indt'stries, Inc.

Both stress level and load resistance were varied. A stress fluc-
tuation of 8000 psi ( 1000 to 9000 psi) produced 4. 25 watts
(13.5 vw/in. 3) with a load resistance of 175 K S2. The load resis-

tance for maximum power decreased from 180 K at 5100 psi to

170 K at 8200 psi stress fluctuation, suggesting a stress or field

dependence of the piezoelectric properties. Table C-2 summarizes

test results for all tests performed by DWDL

Jt1181
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Nn irv tests we re then conducted on a 20- disc unbonded stack of the
sai •e m;lterial with each disc 0. 0 16 in. thick x 0. 5 in. dia. This
stack had a tmuch lower capacitive reactance. By varying the load
resistance a id Imen suring output power at various stress levels, a
(lejmnde nce of stack capacitive reactance on stres,.was experi-
nmentally determnineci. This ctependcence is shown in Figure C7-7.
I.ate r analys is, pa rticula rly the time dctpendent iornalism,
related this dependence to the electric field dependence of the
dielectric constant as previously stated. This stack was tested
at ,0 Hz and stress fluctuations'to 8000 psi at various loads.
These data are plottcd in Figure C-8. The stack was then held at
8000 psi and IL = 20 K for over one hour. At these conditions,
output power dropped 7% during the hour. This decrease in per-
forinance during the initial few hours of testing occurred on all
subsequent tests as well. For stress fluctuations to and including
8000 psi (1000 to 9000 psi) ",m decrease is reversible; that is,
the stack returns to its uncle,,,raded condition when allowed to relax.
F"or a stress !luctuation of 12, 000 psi ( 1000 to 13, 000 psi), an
additional, permanent degradation occurred. £his degradation
was observed when the stack %%as stressed overnight at 12, 000 psi
and 60 Hz. Output power across the 20-K resistive load decreased
froni an initial value of 1. 14 watts ( 18. 2 w/in. -) to 0. 79 watts
(12. 8 w/in. 3). The resistive load was not detectably wvarmer to the
touch, nor had the equipment changed in temperature. These results
are also shown in Figure C-8.

Work input Mea surernents attempted on the ;e tests were not valid
because the Bendix displacement measuring unit was not able to per-
form satisfactorily at 60 Hz. Both signal attenuation and phase lag
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Figure C-8. Test .lesults for Twenty-Disc Piezoelectric Stack

,were introduced; subsequently the Bently Nevada proximitor and
another type of LVDT (linear voltage differential transformer) trans-
ducer were ordered.. The latter did not arrive in time to be used on
tests described in this report.

When the inductors were available, the same stack was again tested
as a function of stress, load resistance and series inductance. The
strong dependence of output power on series inductance is shown in
Figure C-9. While the analytical prediction of optinmum series induc-
tance (Xu = effective X was 70 henries with the time-averaged
formulation described in Appendix 13, the prediction was 50 h with
the time-dependent fo-malism described in this appendix. Figure C-9

shows the experimental optimum value was 45 h.

This stack was then tested overnight at a stress fluctuation of 6000 psi
at 60 H/. with a 20-K load and 40-h series inductance. The results
of this test are also plotted on ligure C -8. Coincidentally, the
time Z 0 operating point, for t'his test with 40-h inductance on the stack,
which had ,levLraded .u ritg the test at 12, 000 psi stress fluctuation,
cO rr , Sponcded with the original short test at 6000 psi stress fluctuation
and no induictanc, prior to stak (de L ra dation.



2250

0.50

7
0.40 A P 6000 PSI

R XL- 20K S2 6

- U,i: 0.4 a-

0 wr4I W

0.20 X L'D
L. X 3 0

0 D

2
0.10 0

NOTE: DATA FOR PARTIALLY - 1

DEPOLED STACK

0 I 1 0
0 20 40 60 80 100 120 140

INDUCTANCE (HENRIES)

Figure C-9. Dependence of Output Power Upon Inductance

With the stack at an optimum inductance, the load resistance was then
reduced until the maximum power density of 8. 0 w/in. 3 was achieved.
This is shown in Figure C-10.

The next stacks tested were 10 disc ( 1. 25 in. dia x 0.040 in. thick
disc) stacks of PXT-4 equivalent piezoelectric ceramic suppliec, by
Linden Laboratories, State College, Pennsylvania. The discs in
these stacks were bonded together with conducting epoxy. During
the first few minutes of testing on each of these stacks, arcing
occurred in the epoxy on the sides of the stacks. This occurred
at stress fluctuations of 0000 psi as series inductance was added
to the load (therebv increasing voltage across the stack). Prior to
breakdown, output power was only 25") of the predicted value for
one stack and 50, for the second stack. As load resistance was
varid with no inductance, nmaximum power occurred at the predicted
load resistor value. The probable cause of the low power output
was a relatively low shunt resistance path provided by the epoxy.
After continued arcing on both stacks at stress fluctuations of
3000 psi, all testing of these bonded 1.25-in. dia stacks was

te rmina ted.

Testing resunmedl on the 20- disc (0. ; in. dia x 0. 016 in. thick disc)
stack of HDT-31 material previously tested; Fig'ure C-1I shows

this stack. For this sc ries of runs, the Bently Nevada probe was
utiliZ, ed tO mke 1;cCu1ratC displac(ment measurements. From
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these measurements, an efficiency can be calculated. F'igure C-12
is a typical force versus displacement photograph fi'om the XY
oscilloscope. The operating conditions for this case were:

"f = 60 Hz

1.- 196 11) (1000 psi)

F 78,3 11)rvle an

1' - 1370 1) (7000 psi)

L, 40 h (XL effective XC)

RL 30 K (IR optinvium for XL 0)

SV =108. 5v
L -,V L ( 108. 5

- -= - 0 .394 w
out R 30000

L
\1 s cale. on scope 0. 02 v/cm

Y scale on scope 0.2 v/cm

The photograph was cut up to obtain the area with the force displac-
ment loop. The area was weiyhed; a section of the grid display
2 cmx 4 cm on the same scope picture xerox copy wvas then ,veighed.

2251
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0C. 2.0 NOTE: DATA FOR PARTIALLY

DEPOLED STACK
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Figure C-10. Power Density Dependence Upon Load Resistance
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Figure C-12. Typical Force-Displacement Experimental Curve for Twenty-Disc Piezoelectric Stack

From these two weights, the true area of the loop was established.
Input power was then deteriniied:

[)0._2,, /10000 1b, 4.4 onsl
Pin 3.87 ci cm \v lb J

00..2 0, 00 1 in / ,7o se( 0 0 0. 2(1 i0 x (60 s ec

0. 52t) watts

Efficiency 0. . 100 ;.

Current uncertaintv in these e(,a sure oeients includes (1) +10"'O

uncefrtainty in the 0. 2 v/niil caliihiration factor for the Bently Nevada
displacement I ra:nsdicor, and (2) ±'2` in deter minin- the a rca. The
latt.r iwas estitlfltted f'oi Vl three a tt . fl pts to deternmine the a rea of,
tihe sao (i curve where, one, iezisturrenment utiliiwed the inside of the
scope trPace liino, thie sot.. •11(1 lsed the in iddle of the scope trace line
and the third used the outs ide of the line. Other tinc,-rtintics which
appeiar to b) sn1,1,1 'onlipaaredi to these, include oscilloscope calibration
of X and Y axes, d(,' load ck,0l ca libration factor (1000lb/volt), and
the irnperfect sine wave a tiel.ting voltaige niastirenme nt as indicated
on the Ballentine vol tinle t r. inco rpo ra ting these uncertainties,
efficiency l)otfs

I1 1 71; ±122%



In the near future, this uncertainty should be reduced as the actual
calibration of the displacement transducer is established.

[I -Figure C-13 presents the efficiency and-outlt power of the same
-0-disc stack as a function of inductance. The load resistance of
30 K gave maximumn powver with no inductance in the circuit. Stress
fluctuation was again 6000 psi and frequency was 60 Hz. For the
same operating conditions, load resistance was then varied while
holding load inductance near optimum (X = effective X ). These

L cresults are given in Figure C-14.

Testing then began on 14-disc unbonded stack (0. 50 in. dia x
0. 10 in. thick disc) of HDT-31 material at 60 Hz. This particular
configuration resulted in a stack capacitive reactance for which
neither optimum load resistors nor series inductance was available.
At 60 H-1. and 6000 psi stress fluctuation, the stack produced the
following results:

1.42 watts (5.2 w/in.3 ) at L -0, RtL 163 K; r1 5- 7- '

1. 8 watts (6. 5 w/in.-) at L = 100, RL 163 K T1 57%

After running 16 hours at these conditions, stack output had stabi-
lize, at 2. 0 watts (7. 2 w/in. 3) with the stress fluctuation drifting
and eventually stabilizing at 6300 psi. Returning to the original
stress fluctuation of 6000 psi reduced the output power to 1.6 watts(5. 7 w/i,. 3). This decrease from the initial 6. 5 w/in. -5 is

qualitativel and quantitatively consistent with the results shown•'in Figure C-8 foi- the small s ta cl-,.

A second unlbonded s.tack of 12 identical discs was then placed on top

of the 14 discs to produce a 26-disc Unbonded stack with an overall
height of 2. 67 in. As in all uni)onded stack tests, the interdcisc
electrode leads were 0. 002 in.,:c petr sheet. Ple xiglas sleeves
aided in m~aintaining alignment (lur'ing. set up; these were not removed
d(Iring toestin,,. resting ll as carried out at 120 Hz and 6000 psi
.•tress fhluctuation for various load conditions. With X

effective X , the load resistance was reduced to maxinmiiz output
Spower. 'rhC-se results are shown ini Figure C-IS.

C(. 3. 3 The miiia.l E• c ' ts

These swere the first tests to esta hlish apparent thermnial effects. For
those tests producing more tla- 1VW, output power drmifteCd gradually
Supwk'rd over a few nminute s or example, at R 10 K at t :- 0,
V 3•7 " v; at t t ] win, V . :. ,.i v; at t 2 17m11, V 1 , :. 397 v. The
1;stack m y have i)en heati as a resuit iii the increase iin po\wed'r, or

the loadt resistor lvight ha vt I)e,,l heating.

4..
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At a power level of 7 vw (14 w/in. 3), the stack was te:;ted for an hour
with a 1V¼ increase in power in contrast to previous observations at
.- lower power densities (about a 70i decrease).

Temperatures were ileasured only on the 1. 25-in. dia stacks. All
stacks were positicned between the piston and load cell of the MTS
system. While the load cell remained essentially at ambient tem-
perature, piston temperatures increased because the hydraulic oil
is maintained at 125lF by a water-cooled heat exchanger in the svs-
tern. The top of the piezoelectric stack was 721F and the bottom
was 98'F. After stress flIctuation at 6000 psi and 60 Hz with I watt
output for several minutes, the top of the stack was still at 72'F,
but the bottom had warnied zo 98. 5°F. This agreed with analytical
predictions based on calculated electrical losses for those operating
conditions.

The Plexil-las sleeves of the 26 -disc stack were warm to the touch
during these high power density tests, butt never became objection-

ably hot. These tests included maximizing power with a resultant
efficiency decrease to 42'. This is a worst heating condition which
-would not norniaily be used in practice. !'Because of the small
diamett, r discs, relatively large copper leads which could also act
as heat conductors, and the Plexiglas sleeves, no thermocouples
were attached to the stacks durving these tests.

Suppliers literature (Refe ences C-I and C-2) provided mate rials
property data as a function of temperature. The relative dielectric
constant increases as the temperature rises. This change appears
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to dorninate in performance calculations; therefore, power is
expected to increase with temperature. However, tne maximum
stress allowable drops fiom 12, 000 psi at 2°G to 6000 psi at
1000C. If 6000 psi had been chosen forlon'A-terrn operation at
250C, then a much lower value should be chosen for 100°C oper-
ation. This interaction between stack operating conditions and ther-

mal design considerations remains critical to successful system
operation. Furthermore, long-term testing with accurate temper-

ature rmeasurements under varied conditions will be required to

unequivocally determine allowable operating conditions. Tempera-

ture effects under realistic operating conditions have been negli-

gible to date as predicted by a simplistic thermal analysis assum-

ing all heat i, generated at the center of the stack. Should a

temperature problem with full-size stacks arise in the future, stack

cooling is a technically feasible alternative, as previously discussed.

C. 4 REFERENCES
C-1. Clevite Catalog No. r9 5 . Piezoelectric Technology Data for

Designers. Clevite Piezoelectric Division, Be2dford, Ohio, 1,965.

C-2. Gulton Catalog No. H-700. Glennite Piezoceramics. Gulton

Industries, Inc. , Fullerton, California.
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Appendix D. ,

DETERMINATION OF HEAT TRANSFER COEFFICIENTS
AND REGENERATOR PERFORMANCE IN THE STEPZ ENGINE

The heat exchangers and regenerator in the STEPZ engine are quite
different from those typically used in Stirling engines. A partial cross

section of the annular flow passage between the cylinder and displacer
walls is shown in Figure D-1. Different regions of the annulus serve
as heater, cooler, and regenerator in this approach. There is a
lower surface-to-volume ratio 'and less heat transfer area than for
conventional Stirling engines. This imposes a power density limita-

tior in exchange for decreased gas dead volume and less mechanical
complexity.

Heat exchanger performance is readily analyzed for the STEPZ engine
geometry. An excellent treatment of all essential aspects of STEPZ
heat exchanger analysis is given in Reference D-1, especially chapters

2 and 6. Heat transfer coefficients are determined on the basis of

laminar flow with fully developed velocity and temperature profiles.

These are, in general, valid assumptions which in any case give con-
2: servative results if they are not precisely true during transient con-

* :ditions. Specifically, for the reference design case, the Reynold's
number varies fro'm zero to 5600, with a mean value of 1600. Turbu-

lent flow may possibly, but not necessarily, be established for momen-

taryReynold's numbers above 2000. If turbulent flow at a high Rey-

nold's number does occur, the heat transfer coefficient will momen-
[ tarily be increased by up to a factor of three. Similarly, near the ends

of the displacer where velocity and temperature profiles are not fully

established, the heat transfer coefficient is higher by a factor of two

to three. This length is typically 10 to 100 flow widths or 0. 05 to 0. 5

in. in the reference engine. A third area where a conservative heat

* transfer assumption is made is in the end regions. Stagnant gas con-

duction is assumed, although tubstantial mixing certainly occurs.
This approach gives confidence that the heat exchanger model will not
indicate unrealistically h~gh p.orformance.

Mathematical Relationships:

The Nusselt number Nu is defined as

NhZhG (D- 1)
K K

where

heat transfer coefficient
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hydraulic cdiamneter Z. 2G for a narrow annulus

radial clearance between displacer and cylinder

K the rmal conductivity of gas

In practice, it is the heat transfer coeffici()nt that is required Iecause
the -Nusselt numbt r is constant for a given region under the assumed
0perating conditions. The equation of interest is, thi-rofore,

Nu K
h (1)-2)

The rmal conductivitv of the working fluid is a strong function of te, np-
eraturee and Must be)( s epa rately riotcrmined for each region o)or node.
The Nusselt nullfblr is (dlpc ndent on geometrical and thermal charac-
teristics of the heat exchangers. Theanno lair gap, which is vyry small
compared with the diameter, is essentially identical with fWlow) between
infinitely wide parallel plates separatod by a dist;ance G. In the heater
and cooler regions, iboundary conditions are essentially isothormal on
tile outside of the gap and adiabatic on the insiide. F'ron Figure 6-1 of
Reference D- 1, this leads to a Nusselt number of 4. 86 for heater and
cooler. In the reg eneratort• iron, a largo am.ount of heat tLransfor to
and from the gas. occurs re•g erinratively on ,.ach cycle, although the
spatial temperature profile remlains essentially co;nstant . This con-
c. ition repres,,nts a constant h1.at transfer rate per unit of ,,ngpth on
both inner and outer surfaces, for wh ich tho NLs selt nMbe )lllr is 8. 24.

This approach vields conservative heat t. r .nsf or cLoeffici,,,nc s for the
STEPX engine. These coefficients are then used to determ ine engine
them, ' )erfo rmance as outlined in the patrag raphs whi,-h fo,! low. [Teat
tr; , rate, Q, in th.' heater or(" c(oler is given by

Q h A AT (D1- 3)

where

A/ - heater or (,"co()ler" area oln the utlsirde w, the annulhls

AT temperature d iffe rn(c', betlwen the hlleater or
cooler and.Wdjacant gas

Iheat. transfer in the hl)? end is given by Ith,' suim of all nonparasiti," heat
r(.qtuiret)ments for the engine, while in the cooler it is this value less

the mechanical work Out.put. Ejuati )n (.1)-3) can then be solved for thie
gas te nipe ratu re in the heater and coler regions. rh.s,. teomperaturos

then affect the work out put, Carnot heat input, and(, reheat losses, such
that heat transft'-r requiremenths are revised and new gas tem per.tur s
determincd on an iterative basis uitlil a convergence crilerion is sat-
isf ivd.
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Regenerator performance is determin( .d using an effectiveness approach
as in Reference D-l, Chapter 2 and mcre directly in Reference D-2.
The regenerator analysis is again conservative, in that, gas specific
heat at constant pressure, Cp, is used to calculate reheat loss. The
effective specific heat is so.ne intermediate value between cp and cv
(specific heat at constant volume). This true specifikE heat varies in an
indeterminate manner over a cycle. Using the larger c p at all times
yields a larger reheat loss which provides for some analytical perfor-
mance margin.

The STEP/, regenerator is a periodic counterflow type with alternating
flow of the same gas in opposite directions. For these conditions, the

* following relationships are valid.

(h11. Ar)c (h 1. At)h = hr Ar (D-4)

and
(1 (l r Cp)c = (ii r C ph = rh r C p (D-S5)

hr heat transfer coefficient in regenerator region

Ar total surface area in regenerator region

rmass flow rate through regenerator

C 'pworking gas specific heat at constant pressure

and the subscripts c and h refer respectively to the gas flowing from the
cold region and the hot region. Relationships needed to evaluate regena
erator effectiveness are found in Reference D-2 as follows.

11 Ar
NTU r r (D-6)

r
_ __r 1 NTU (D-7)

NTUo= NT~c L + (hr Ar)hj 2 c

where the last equality rosults from applying equation (D-4). Further,

NTUo 
(D-8)I + NTUo

where

NTUc number of transfer units for cold flow

NTUoQ overall number of transfer units

regenerator effectiveness
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The effectiveness may also be expressed as

AT°- ATh (D-9)

AT
o

whe re

AT overall temperature difference between hot region
gas and cold region gas

AT1h temperature difference between hot region gas and
gas entering the heater from. the regenerator

ATh- is the temperature rise which must be accomplished in the heater
as a result of regenerator ineffectiveness, which gives rise to the main
reheat loss. The two expressions for.regenerator effectiveness may be
equated and solved for ATh.

ATh AT (D-jo0)
h0

I + NTU
0

Using Equations (D-6) and (D-7) in (D-10) reduces ATh to an expression
"in more basic quantities,

2 rh cp AT oD - )
AT r c 0  (D- 11)

Z rh c + h Ar p r r

The reheat power which must be added to achieve this temperature

rise is
I

Prh =ý nrCp ATh (D-I Z)
r p

where the factor of 1/2 i.s included because the gas is only flowing to-
ward the hot region half the time as opposed to the continuous flow
case in Reference D-2. Combining Equations (D-1l) and (D-IZ) gives
"the final result for main reheat loss.

S(irh Cp) ATo

" Pr c 0 (D -13)
2 Ii•r cp + hr Ar

The basic heat exchanger and regenerator analys is summarized here is
common to both the isothermal and nonisothermal computer programs.
The method of implementing the analysis differs, and the isothermal
program typically indicates significantly lower reheat lossesand temp-
erature drops. This is shown in Table 2-2. The reason for the reheat
loss discrepancy is that the isothermal program calculates it from
time averaged flow, temperature drop, and heat transfer coefficient in
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Equation (D-13) while the nonisothermnal simulation uses a numericalintegration of Equation (D-13) over a cycle. The average hot gas tem-perature is much lower in the nonisotherma! case, partly because moreheat must be transfe-'recd and probably also because most heat is trans-ferred at timles when the temperature difference is* tnfavorable. Theonly.-explanat ion for the close correlation of av-rz%,,- cold gas tempera-tu 1*e given in Table 2-2 for the two models is that most heat transfer
occurs under favorable conditions.

In sUnmmary, the nrechanicaily simple but unconventional heat exchangerand regenerator approach used in the STEPZ engine can be readilycharacterized by the experimentally verified analysis given in Refer-ence D-1. Where any qcustion exists relative to appropriate param.-eters or conditions, the most conservative a-)proach is taken. Whiletie application of the results to the isothermal program is necessarilylimited in accuracy by assumptions in the isothermal model, the non-isother-mal simulation should offer a high degree of confidence in the
Iresu lts.

REFFR r;: NTC Fs

D-I W. M. Kays. and A. L. London. Compact Heat Exchan~gers.
\,IcG raw-fHil Book Company, New York, 1964.

D-2 J. E. Coppage and A. L. London. The Priod ie-F;oRegeneratorl- A Summary of Design Theory. Trans ASME,
Vol 75 pp 779-787, 1953.
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Appendix E

SAMPLE DESIGN OF A LINFAR ELECTROMAGNETIC
DISPLACER ACTUATOR

A dynamic coi.l linear electromagnetic displacer actuator has been
designed at DWDL for a 66 w(m) STEPZ engine module for space ap-
plications. The configuration of the actuator is shown in Figure E-1.
A weight analysis indicated that the magnetic circuit containing
Alnico-9 was lighter than one with sama rium-cobalt, as a result of
flux concentration in the center pole. Advantageous use of SinCo 5 is
anticipated for higher windage engine modules. The actuator for the
66 w(m) engine module produces I w(m) at 60 Hz with an efficiency
of 27 0 . The actuator weighs 0. 5 l1) and requires 1. 9 amperes (rms)
excitation for rated output. The impedance of the coil is ?' 02 with a
lagging phase angle of 59.

E. I DESIGN PHILOSOPHY

For space applications, reliability of the STEPZ displacer drive must
be of the same order as that of the displacer suspension and other
Sengine components. The intrinsically high reliability of flexural
mounting may be more than an Order of niagnitude superior to that of
couplings involving rotating motors and nmechanical linkages. The

22!57
S t{

"2.54CMt A

DISPLACER I

"COI L

OUTER POLE

MAGNET CORE
2.28 CM

INNER POLE [- 4.36CM DIA

Figure E-1. Displacer Actuator for STEPZ Engine
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oscillatory displacer motion suggests the use of a linear motion elec-
tro mechanical actuator, such as a solenoid or a (dynamic coil (loud-
stpeaker) motIor system. Both devices permit th!-suspension of the
oscillating component directly on the displacer and require no seals
or me,-hanical leadlthroughs to function.

Oscillating linear niotion is produced by the interaction of. alternating
cuyrents and/or magnetic fields. The most eff~l'ent use of magnetic
material in a solenoid is achieved with direct-current excitati on of the
field coil. With ac excitatibn (Reference E-l), the magnetic circuit
is used only one half as effectively as that of a dc system to produce
the same average force on the armature. As the armature is a com-
ponent of the magnetic circuit, its mass reflects this inefficiency and
contributes a several-fold increase in the weight of the displacer.
The force acting on a solenoid armature is a monodirectional force of
attraction. Use of a solenoid, therefore, also necessitates incorpora-
tion of a spring or double solenoid to provide the restoring force for
oscillatory motion.

The dynamic coil linear motor depends on the interaction of an alter-
nating electric field and a permanent magnetic field for its action.
The instantaneous force (F) on a coil system carrying a sinusoidally
varying current is given by

F (B x I ) Osinwt (E-l)

whe re

B flux density in permanent magnet gap

I maximum coil current

C length of coil winding

-.4ngular frequency of coil current

Oscillator'y motion of the coil results from the sinusoidal force
function. Thi.s response is significantly superior to that of the sole-
noid. The dynamic coil also follows complex excitation waveforms
'.vhich ,ermit nonsinusoidal excitation if desired to effect sophisticated
con•ý.,)l functions. For these reasons, therefore, a dynamic coil drive
is considered the prime choice to activate the displacer.

E. 2 DESIGN ASSUMPTIONS AND CONSTRAINTS

Fhe design of the displaceIr actuater was based on the following
as sumptions.

1. Actuator power supplies the disipelacer windage loss in an
otherwise dynamically resonant mechanical systLem.

2. Coil nmass added to the displacer has negligible influence
on the displacer resonant response.
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3. Magnetic flux fringing the motor gap i-s the same order as
the flux between pole faces.

4. The interna! field energy of the magnet provides the gapenergy and fringe field; magnetization of the pole pieces
i:s neglected.

5. The engine working fluid absorbs the Joule heating produced
by the coil current.

Assumed characteristics of the displacer were:

1. Windage loss: I w(m) at 60 Hz

2. Stroke: 1. 27 nim (0. 05 inch)

3. Diameter: 2. 54 cm (I inch)

The mechanical work done by the displacer in one half cycle is theproduct of average force (Fa) and stroke (s). From Equation E-1,a v

a B " sin OdO (E-2)
av T 

(r-Z

- 0. 637 B I nn (E -3)
wh ,'ere 0 is the angle in radians from the instant of zero current.
At 60 Hz, there are 120 half cycles per second; therefore, mechanical[ power of the displacer (P is given by

Pd -z 120 F s Joul's/sec (E-4)a av

76. 38 I B.s w(m) (R.-5)

With s 1. 27 mlm and P 1 w(m) Equation E-5 leads to an expression
of I e in tei'nis of B Pd

10. 31(E6

B

Joule heating (P) in the dynamic coil is expressed by

V 2P : n P I€ (E-7)
2 a
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whero 'is the resistivity of coil nmaterial and a is the cross sectional
a rc ca.

With reference to Equation E-6, and for a given coil geonmetry,

I K
B32

in F'igure I '-2 .Toule heating, P., is plotted versus gap flux density. B.
in the range 0. 1 < B < 1 webers per scuare meter where permanent
maonct materials of interest achieve their maximum energy product.

'iThe flux density in the working gap was selected in the range 0. 3 to
0. 5 Wb/12 corresponding approximately to the range in which PC is

between , and 10".,, of its value xwhere B = 0. 1 Whbm 2 . This does not
provide an optimum configuration and was pursued on a quasi-intuitive
basis to p roduce a cotwpact magnetic circuit with acceptable weight
and p)erfo rmance.

A ma.]or region of unce rtainty occurs in estimating flux distribution in
the working gap. Conm)puter-aided mapping of this region is necessary
to refin, t:lhis effort, the fringing flux (i. e. flux not linking the
dvna rnic coil) was considered eequal to the useful flux. An aspect ratio

of 5 was selveted for thwo-rkng gap to maintain the general validity
of this assumrption.

Two confi,,uratiions of the ma"gnetic circuit are shown in Figure E-3
cO1si St cn1 with a design which suspends the dynamic coi.l on an exten-
sion of ieý- di s i!acer. The placement of the perinanent wnagnet shown
in :. lieu re c ]-5 i s thc.�-� roe desi rahi e. However. vvith gap dilmen-

. i,,O. ,\I' n ii .i.uX rtc 1'- i and flux deinsity in the gap approaching
tfC I*), . trv d,:ands flux ,densities in the center p)ole

r,., 1,r thain I W' W-. Iln F'ic-ure I of Reference E-2. 0. 75 %Vb/1Z
: 1. " fx de.ns itva ItN -\Iic an acccptal)le energy product is

W, k ch ', ,tilt ht• ilahte I,-at•rida1s. l,'o r Alnico '), this is in the region
ot ~ Iw nt li~ 1 Kpin. 1moc~' o ~~; Biaa occurs at.

a op r ., . 'i•-,t v I). 4-- \Wi; .. 2•2, "l'h , ,;,,netic circuit design is forced,

t-1 .t'it, r('. to tbi Of thOw ",uut)oard" wagnAt (B. Figure E-3) to permit
si,' l tilt- ,lftlel. t •, 1tI.')•nd(ent of dis placer diameter. This peonmetri-

cal v~st, raint \wi ! he" supe ,t'i m1sed on both o)timunm and sub-optiltuiln

dIsi, ns in :1 nll niieks with I ; rlislplace-r dia met(er less I:hIan ap)l)roxi-
o :;tte.lv I .- in.

SDdIl~ti I ed ca Ioul;, !I;t n. tm we rv•t* p rfo 1-111 Cd of the A ntco . "ulboa rd"
U etfy" co / ,figu ration. and a sitniia r design was completed for a

SIT• , ,, implint ",t rcuit to) p rovid ' the same output. Table F --I sumn-

m ,1Lri /.s % \,.,iguhil co),fI.lrison o f thi( two systems.
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Table E-1
WV-IGHT SUMMARY OF DISPLACER. ACTUATOR COMPONENTS

Weight (g)

Co mponent simCo5 at 0. 45 Wb/m2 Alnico at 0. 75 Wb/m 2

Magnet 34. 0 52. 5

Inner Pole (1) (2) 110. 0 100. 0

Oiter Pole (2) 108. 0 63. 5

Coil• 9.3 9. 3

Displacer Extension 1. 5 1. 5

Total 262. 8 227. 0

(1) 'With central conical void
(2) With ellipsoidal transitions from magnet element

The lighter magnet is achieved with the Alnico 9 despite its lower
energy dlensity as a result of IBII.Vax occurring at 0. 75 Wb/,1 2 . The
superior energy product of SmiCo 5 would be reflected more favorably
in a design fo" a larger displacer. Table E-2 summarizes character-
istics of the Alnico 9 actuator.

1--. 3 CONC.LTTSIONS

If the assumption of flux distribution is realistic, this design exercise
provides encourag(ment for the application of electromechanical linear
device actuation and control of the STE'PZ engine. The particular
engine investigated inmposed an unscalable constraint by requiring the
center pole to fit inside the extension of a small displacer. The re-
sulting high flux density excludes the favored configuration of the
,,.tgnetic i rcuit. Alnico 9 provides the lightest magnetic circuit of

any available material working at its BHmax point. The superior
.ne'rgy product of SllCo5" would benefit magnetic circuit designs for
larger displacers. Its availability is established and it is considered

b1,th perforrmaiice and cost competitive with Alnico materials.

l.ux mnapping of thic working gal) is necessary as a basis for optimiz-
ing the configuration of the linear actuator. In particular, flux con-
cet ration should be traded against increases in fringing flux for lower
aspect ratio gaps.
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Table E-2
ALNICO q DISPLACER ACTUATOR CHARACTERISTICS

Characteristic 
VuValue

Weight (g) 
227 (0. 5 ib)

Mechanical Output (wn) 1
Specific Mechanical Power (w /lb) 2
Coil Dissipation (we) *3. 75
Efficiency (%) 27
Coil Impedance (SŽ) 2. 0 (1. 0 + ji. 7)
Coil Phase Angle (2) 19

59
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